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1. Introduction 
 
Plants continuously interact with a wide variety of microorganisms in their natural 
environment with interactions being non-host, beneficial or pathogenic to the plants. 
Symbiosis refers to organisms living together, whether the interaction is mutualistic 
(beneficial for both partners), commensalic (beneficial for the microbe, while the host species 
is neither positively nor negatively affected) or parasitic (the host is parasitised or deprived at 
the expense of the fungus) (Kogel et al. 2006; Johnson and Oelmüller 2009). The well studied 
endosymbiotic mutualistic interactions are Rhizobium bacteria in legumes and arbuscular 
mycorrhizal fungi (AMF) in vast majority of terrestrial plants (Parniske 2008; Oldroyd et al. 
2011; Oldroyd 2013). Both endosymbioses result in an improved uptake and assimilation of 
nutrients (e.g., nitrogen, phosphorus, sulphur and iron.) from the soil by the plant partner and 
in exchange, allow the endosymbiont to obtain the photosynthetically fixed carbon sources 
(e.g. carbohydrate) necessary for their survival and propagation. Plant endosymbioses are 
characterized by the penetration of living plant cells by a microbial symbiont, followed by a 
period during which the symbiont lives partially or entirely within plant cells by benefiting 
each other (Parniske 2008). Mutualistic interactions between endosymbionts and plant roots 
have been a fundamental pre-requisite for evolution and biodiversity of land plants (Weiß et 
al. 2011). Most of the terrestrial plants (> 80 %) have established a symbiotic association with 
AMF, which is an intricate association of plant roots with fungi belonging to the order 
Glomales of the Glomeromycota. The main obstacles in the molecular analysis of beneficial 
plant/microbe interactions are the lack of genomic information for most plant species that 
form either bacterial or fungal symbiosis, obligate nature of AMF and the bacterial nodulation 
is restricted mostly to legumes. Moreover, both rhizobial and mycorrhizal colonization are 
absent in the genetically well characterized Arabidopsis thaliana. But the discovery of 
axenically cultivable plant growth promoting root endophyte, Piriformospora indica (Verma 
et al. 1998; Varma et al. 1999), and its ability to form endosymbiosis with many host plants 
including A. thaliana have opened a new vista to study the early and late molecular and 
physiological events associated with the beneficial plant-fungus interaction.  
 
1.1 Piriformospora indica - morphology, taxonomy and root colonization pattern 
P. indica (Verma, Varma, Kost, Rexer & Franken) grows on a wide range of synthetic and 
complex media including Kaefer medium (KM) (Figures 1A-B) which is rich in sugar and 
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protein. Young hyphae and mycelia are hyaline, branched, mostly submerged into the 
substratum, thin walled, often intertwined and show a nodose to coralloid shape with dense 
bodies when it colonizes on the root (Figures 1C-D). Ultrastructure examination of the septal 
pore reveals that it has dolipore septation which is a unique feature of basidiomycete fungi 
(Varma et al. 2012). The anamorph (asexual) stage is characterized by the formation of 
chlamydospores at the tip of the hyphae singly or in clusters. Chlamydospores are distinctive 
due to their pear-shape (Figure 1E) and it contains 8 to 25 nuclei. Neither clamp connections 
nor sexual structures are observed in P. indica unlike other basidiomycetes; therefore the 
teleomorph (sexual) stage of the fungus is unknown. Molecular phylogenetic analyses reveal 
that P. indica is a member of basidiomycetous order Sebacinales (Agaricomycetes, Basidio-
mycota) (Weiß et al. 2011). The molecular phylogeny also shows that P. indica is closely 
related to Rhizoctonia solani Kuhn and Thanatephorus praticola (Kotila) Talbot (Weiß et al. 
2011). Cell biology studies in Arabidopsis show that the fungus colonizes every parts of the 
root, e.g. root tip and meristematic, elongation and maturation zones, and its colonization is 
restricted to epidermis and cortex (Figures 1F-J). The fungus enters living root cells by direct 
penetration, colonizes in the root epidermal and cortical tissues, and grows inter- and intra-
cellularly forming pear- shaped chlamydospores after 14 days of colonization (Figures 1C-E). 
The fungus has early biotrophic interaction and is followed by a cell death-dependent 
colonization phase in the host cells (Deshmukh et al. 2006; Zuccaro et al. 2011; Qiang et al. 
2012b).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1C 
1A 1B 
1A 
1B 
1D 1E 
Introduction 
 
 
 - 3 - 
 
 
 
Figure 1. P. indica growth and its colonization in A. thaliana root. Four-week old P. indica on KM plate (A); 16-
18-day old P. indica growth in KM broth (B); thin walled hyphae on colonized root (C); nodose to coralloid 
shaped hyphae with granulated dense bodies before sporulation (D); pear-shaped chlamydospores after 18 days 
of colonization with the root (E); external and internal colonization of the fungus on the root tip, and 
meristematic, elongation and maturation zones of the root (F); inter- and intra-cellular fungal colonization with 
chlamydospores inside the root cells (G); restriction of the fungal colonization to epidermis and cortex of the 
root and the stelar region is free of the fungal colonization (H); the fungal colonization on the root tip (I) and the 
heavy sporulation of the fungus on the root tip (J).  
 
1.2 P. indica - a plant growth promoting root endophytic fungus 
P. indica, the novel endophytic root-colonizing fungus, was isolated from the rhizosphere of 
xerophytic woody shrubs e.g. Prosopis juliflora and Zizyphus nummularia in the Thar desert 
of Noth-Western India (Verma et al. 1998). The fungus lacks host specificity and possesses a 
broad host spectrum including bryophytes (Aneura pinguis), pteridophytes (Pteris 
ensiformis), gymnosperms (Pinus halepensis) and a large number of angiosperms, and 
positively affects different aspects of plant performance (c.f. Oelmüller et al. 2009; Franken 
2012; Qiang et al. 2012a; Varma et al. 2012). Similar to AMF, the beneficial interaction of P. 
indica with a large number of horticulturally and agriculturally important crops ultimately 
leads to growth promotion (Figures 2A-D) and enhanced resistance/tolerance against biotic 
and abiotic stress (Varma et al. 1999, 2012; Sherameti et al. 2005; Waller et al. 2005; Serfling 
et al. 2007; Shahollari et al. 2007; Oelmüller et al. 2009; Sun et al. 2010; Johnson et al. 
2011b; Molitor et al. 2011; Franken 2012; Kumar et al. 2012). Once inside the roots, the 
fungus gets access to photoassimilates and other plant nutrients, which further promotes 
colonization and proliferation, and significantly enhances plant growth (Oelmüller et al. 
2009). Plants benefit from this relationship by reprogramming plant transcriptomes, 
proteomes and metabolomes that are directly or indirectly involved in phytohormone          
1F 1G 
1H 
1I 
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Figure 2. Growth promotion of Arabidopsis, 
tobacco and Chinese cabbage in soil after 
cocultivation with P. indica (Pi). Arabidopsis after 
4 and 7 weeks of cocultivation (A, B); tobacco 
after 4 weeks of cocultivation (C) and Chinese 
cabbage after 4 weeks of cocultivation (Johnson et 
al. 2011b).  
 
synthesis and signaling, increased nutrient uptake and growth, early flowering, enhanced seed 
production, and protection against drought, salinity and phytopathogens (cf. Oelmüller et al. 
2009; Franken 2012). The modulation of gene expressions, proteins and metabolites helps 
both partners to keep the interaction mutually beneficial. Recent establishment of a 
transformation system and the full genome sequence of the fungus will likely stimulate great 
progress towards further functional analysis of the endosymbiont. The fungus has a 25-Mb 
genome with 11,768 putative protein encoding genes which also include the genes responsible 
for mutualistic interaction, and the early biotrophic and late necrotrophic phases of the fungus 
(c.f. Zuccaro et al. 2011).  
 
1.2.1 Nutrient uptake in P. indica-colonized plants 
One common feature of symbiotic associations is the ability of the microbial endosymbionts 
to assimilate nitrogen and phosphorus that limit plant growth and to trade these nutrients with  
the plant in exchange for a carbon source derived from photosynthesis (Parniske 2008; 
Oldroyd 2013). It is reported that P. indica helps to transfer nitrogen and phosphorus from the 
Arabidopsis 
2B 
7 weeks 
+Pi -Pi 
Arabidopsis 2A 4 weeks 
-Pi +Pi 
Arabidopsis 
2C 4 weeks 
-Pi +Pi 
Tobacco 
Chinese cabbage 2D 4 weeks 
-Pi +Pi 
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environment to the host plants (Sherameti et al. 2005; Yadav et al. 2010). The growth 
promotion in P. indica-colonized Arabidopsis and tobacco seedlings is attributed to the 
upregulation of nitrate reductase (Nia2), a gene involved in nitrate uptake, and the starch- 
degrading enzyme, glucan-water dikinase (SEX1), involved in carbohydrate metabolism in 
roots and shoots (Sherameti et al. 2005). Shahollari et al. (2007) could link growth promotion 
of Arabidopsis seedlings with a massive uptake of radiolabeled phosphorus from the growth 
medium. Uptake and transport of phosphorus is also stimulated by the fungus in the colonized 
roots of maize (Yadav et al. 2010). Recently P. indica phosphate transporter (PiPT) protein is 
purified, crystalized and characterized (Pedersen et al. 2013).  
 
1.2.2 Role of phytohormones in mutualistic interaction of P. indica with plants 
Auxin, cytokinin, ethylene, abscisic acid and gibberellins are the main phytohormones 
involved in the development of new organs or promotion of growth in plants. Many beneficial 
interactions interfere with auxin metabolism and its functions in the plants which is well 
established in root nodule forming bacteria (Perrine-Walker et al. 2010), mycorrhizal fungi 
(Ludwig-Müller and Güther 2007) and plant-growth promoting rhizobacteria (Contesto et al. 
2010). It is reported that auxin, cytokinins and gibberellins plays a crucial role in P. indica-
induced growth promotion in Arabidopsis, barley and Chinese cabbage (Sirrenberg et al. 
2007; Vadassery et al. 2008; Schäfer et al. 2009a, b; Lee et al. 2011). Growth promotion of 
Chinese cabbage and barley seedlings is attributed to the increased auxin level in the 
colonized roots, even though the auxin level in the leaves is not affected by the fungus 
(Schäfer et al. 2009b; Sun et al. 2010; Lee et al. 2011). Large scale microarray analysis of P. 
indica-colonized Arabidopsis roots did not reveal many auxin-related genes as a target of the 
fungus. Mutants with impaired auxin levels (ilr1-1, nit1-3, tfl2, cyp79 b2b3) responded to P. 
indica, revealing that severe alterations in auxin homeostasis in Arabidopsis do not prevent 
the growth response to P. indica (Vadassery et al. 2008). However, cytokinin, another 
phytohormone involved in cell division, vascular development, sink/source relationships, 
apical dominance, stress tolerance and leaf senescence is significantly increased in P. indica-
colonized Arabidopsis roots (Vadassery et al. 2008). This is evident from the fact that 
different cytokinin receptor genes viz. CRE1, AHK2, and AHK3 and cytokinin-responsive 
gene ARR5, and trans-zeatin cytokinins biosynthesis genes are significantly upregulated in the 
colonized roots. Mutant studies where trans-zeatin biosynthesis is impaired, showed no 
growth promotion to the fungus indicating that the biosynthesis of trans zeatin- but not cis 
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zeatin- type cytokinins are required for P. indica-induced growth promotion in Arabidopsis 
(Vadassery et al. 2008). Another phytohormone, ethylene, typically inhibits plant growth, but 
P. indica inhibits ethylene biosynthesis and its signaling, which could contribute to plant 
growth promotion in tobacco and barley (Barazani et al. 2007; Schäfer et al. 2009a, b). 
Ethylene also has a key role in the beneficial interaction between P. indica and Arabidopsis. 
The growth of etr1, ein2 and ein3⁄eil1 impaired in ethylene biosynthesis and activation of 
ethylene responsive genes, for example, ETR1, EIN2 and EIN3 ⁄ EIL1 are not promoted or 
even inhibited by the fungus (Camehl et al. 2010). Interestingly, Schäfer et al. (2009a) 
reported the positive role of gibberellins in the mutualistic association of P. indica with barley. 
Other phytohormones synthesized or manipulated by the root endophyte include abscisic acid 
(ABA) and brassinosteroids (Schäfer et al. 2009a; Vadassery et al. 2008; Camehl et al. 2011). 
It seems that the whole orchestra of phytohormones and its signaling networks are involved in 
generating compatible endosymbiosis between the fungus and plants (Franken 2012). 
 
1.2.3 Role of P. indica in tolerance to abiotic stress  
Plants are exposed to a wide variety of dynamic environments including biotic and abiotic 
stress in their natural growth habitat. The drought tolerance in the P. indica-colonized plants is 
associated with the activation of antioxidant enzymes, the upregulation of drought-related 
genes, e.g. DREB2A, CBL1, ANAC072 and RD29A, and rapid accumulation of the plastid-
localized Ca
2+
-sensing (CAS) protein (Sherameti et al. 2008a; Vadassery et al. 2009b; Sun et 
al. 2010). The expressions of MDAR2 and DHAR5, two ascorbate reductase genes having 
antioxidant and reactive oxygen species (ROS) scavenging functions, are upregulated in the 
roots and shoots of colonized Arabidopsis seedlings exposed to drought. Moreover, the 
interaction studies with mdar2 and dhar5 show that MDAR2 and DHAR5 are crucial to 
maintain the interaction in a mutualistic state (Vadassery et al. 2009b). The activities of 
antioxidant enzymes, e.g. peroxidases, catalases and superoxide dismutases, are significantly 
high in P. indica-colonized Chinese cabbage plants which are exposed to drought stress (Sun 
et al. 2010). The fungus also reduced the accumulation of stress molecule malondialdehyde, 
the drought-induced decline in the photosynthetic efficiency, and the degradation of 
chlorophylls and thylakoid proteins in the colonized plants (Sun et al. 2010). The fungus also 
protected the plants from the moderate levels of NaCl stress (100 mM) in barley (Waller et al. 
2005; Baltruschat et al. 2008) and wheat (Zarea et al. 2012).  
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1.2.4 Activation of defense responses by P. indica  
Endosymbiosis between the interacting partners requires a sophisticated balance between 
defense and growth responses in the host plant, and the nutrient demand of the fungus 
(Johnson and Oelmüller 2009). P. indica-colonized plants acquire resistance against foliar 
pathogens e.g. powdery mildew infection in barley, wheat and Arabidopsis (Serfling et al. 
2007; Stein et al. 2008; Molitor et al. 2011), and a variety of root diseases in wheat, barley, 
maize and tomato (Serfling et al. 2007; Stein et al. 2008; Kumar et al. 2009). It is reported 
that P. indica moderately upregulates the expression of various defense genes during the early 
stages of colonization, later they are downregulated as the interaction progresses (Camehl et 
al. 2010). A number of mutants have been isolated, where the interaction is shifted from 
mutualism to parasitism (cf. Johnson and Oelmüller 2009). PYK10, a defense gene involved 
in the synthesis of a root- and hypocotyl-specific beta-glucosidase/myrosinase located in the 
endoplasmic reticulum, is induced significantly in the colonized roots of Arabidopsis whereas, 
pyk10 and nai1 or pii-4 with reduced or no beta-glucosidase/myrosinase do not show growth 
promotion after colonization with the fungus (Sherameti et al. 2008b). The above mutants 
show upregulation of the plant defensin 1.2 (PDF1.2) involved in plant defense, which further 
restrict the colonization of P. indica in the root. PYK10 exhibits striking sequence similarities 
to PEN2, a glycosyl hydrolase, which restricts the entry of powdery mildew fungi into 
Arabidopsis leaf (Lipka et al. 2005). The fungal colonization systemically induces resistance 
(induced systemic resistance - ISR) against foliar pathogens indicating that there must be an 
efficient information flow from the roots to the shoots (Oelmüller et al. 2009; Molitor  et al. 
2011). P. indica-/primed plants help the shoots become preconditioned to develop an 
enhanced capacity for activating defense responses prior to infections by pathogens via. 
jasmonic acid (JA) and ethylene signals from the roots and thereby resisting different foliar 
pathogens (Stein et al. 2008; Molitor et al. 2011). Different JA (VSP, PDF1.2 and LOX2) and 
ethylene (ERF1) signaling but not salicylic acid (SA) signaling (PR1 and PR5) genes are 
upregulated in the P. indica-primed plants challenged with the powdery mildew fungus (Stein 
et al. 2008). The mechanisms of P. indica-induced resistance is similar to the well 
characterized ISR described for plant growth promoting rhizobacteria-colonized plants (van 
Wees et al. 2008; Jacobs et al. 2011).  
 
1.2.5 The role of secondary metabolites in A. thaliana-P. indica interaction 
The most important secondary metabolites synthesised by the members of brassicales are 
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aliphatic glucosinolate (aGLS) from methionine, and indolic glucosinolates (iGLS) and 
camalexin from tryptophan (Sonderby et al. 2010). CYP79B2 and CYP79B3 are two 
functionally redundant cytochrome P450 enzymes which convert tryptophan into indole-3-
acetaldoxime (IAOx), an intermediate for the biosynthesis of iGLS and camalexin, from 
indole-3-acetic acid (IAA). The R2R3 MYB transcription factors MYB28, MYB29 and 
MYB76 are the positive regulators of the aGLS biosynthesis (Sonderby et al. 2010). 
Constitutive production of defense compounds and its induction during pathogenesis are 
important for plant defense (Halkier and Gershenzon 2006). Necrotrophic pathogens induce 
the synthesis of the aliphatic and indolic glucosinolates, and camalexin in Arabidopsis (Su’udi 
et al. 2011; Foley et al. 2013; Wang et al. 2013). Different PEN mutants accumulated more 
iGLS and camalexin in response to powdery mildew fungus Blumeria graminis hordei and the 
necrotrophic fungus Plectosphaerella cucumerina infections (Bednarek et al. 2009). The 
protective role of aGLS is shown against Sclerotinia sclerotiorum using myb28 (Stotz et al. 
2011). Nongbri et al. (2012) reported that iGLS restricts the colonization of P. indica in 
Arabidopsis.  
 
1.3 Early signal transductions in A. thaliana and P. indica interaction  
A. thaliana-P. indica is an excellent model system for the elucidation of the early signaling 
events and molecular mechanisms involved in the host recognition and subsequent beneficial 
effects. The complex beneficial interaction between root and fungus necessitates continuous 
recognition and signal exchange between both partners (Oelmüller et al. 2009). Soluble 
compound(s) released/exudated from the fungus, extracellular proteins from the plant, 
receptor-like kinases, phospholipids, phosphorylation cascades, Ca
2+
 signaling in both 
cytoplasm and nucleus, mitogen activated protein kinase (MAPK) activation as well as the 
stimulation of specific transcription factors are involved in this beneficial interactions 
(Oelmüller et al. 2009). The proteomic approaches combined with ethane methyl sulfonate 
(EMS) mutagenesis has led to the identification of several P. indica responsive Arabidopsis 
proteins like a MATH (meprin and tumor necrosis factor receptor-associated factor (TRAF) 
homology) domain containing protein (Oelmüller et al. 2005), a leucine rich repeat protein 2 
LRR2 (Shahollari et al. 2007), PYK10, a β-glucosidase located in the endoplasmic reticulum 
(Sherameti et al. 2008b), ROP, a RHO-related GTPase (Venus and Oelmüller 2012), and 
signaling cascades involving cytosolic Ca
2+
 ([Ca
2+
]cyt), phospholipids, ROS and MAPK 
(Vadassery et al. 2009a). Two leucine rich repeat proteins LRR1 and LRR2, located in lipid 
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rafts/plasmamembrane microdomains of the roots, are required for the mutualistic interaction 
as their inactivation completely prevents the beneficial interaction (Shahollari et al. 2007). 
Partial inactivation of a sphingosine kinase, which is required for the biosynthesis of 
sphingolipids, also affects the A. thaliana-P. indica interaction (Shahollari et al. 2007). 
Downstream signaling requires phospholipids, and activates a kinase cascades which includes 
3-phosphoinositide-dependent protein kinase1 (PDK1), oxidative signal-inducible1 (OXI1), 
and MAPKs (Rentel et al. 2004; Vadassery et al. 2009a; Camehl et al. 2011). These proteins 
and signaling molecules are expressed and induced during early interaction stages, and are 
crucial for the growth promotion by the fungus.  
 
1.4 Plant recognition of P. indica and other microbial factors  
Endosymbionts release various factors necessary for its recognition by plant cells to initiate 
mutualistic interaction. For successful endosymbiosis, a molecular dialogue is essential which 
is a two way process involving the host plant and the microbial symbionts. In rhizobial 
symbiosis, roots release flavonoids while the bacteria release nodulation (Nod) factors 
(lipochitooligosaccharide) (Ehrhardt et al. 1996) to initiate signaling cascades needed for 
nodulation process. In AM symbiosis, plants release strigolactones, which acts as branching 
factor for fungal hyphae (Akiyama et al. 2005), while the fungus releases the Myc factor 
(lipochitooligosaccharide) (Kosuta et al. 2003; Maillet et al. 2011). In pathogenic fungi these 
signaling molecules are chitin, glucan or protein by nature, which activates defence genes on 
recognition by plant cells (cf. Lecourieux et al. 2006). The receptor-mediated recognition of 
PAMPs/MAMPs (pathogen-/microbe-associated molecular patterns) activates the basal 
defense of plants against invading pathogens or microbes. Activation of innate immune 
response or basal defence does not prohibit colonization of microbes but only controls its 
spread so that the interacting microbe will be recognised either as pathogen or as symbiont by 
the host cell (Johnson and Oelmüller 2009). Downstream of the receptor perception is the 
chain of signaling events leading to defense-related genes activation including an oxidative 
burst and MAPK activation (Blume et al. 2000). During compatible interactions, pathogen-
derived effector/virulence molecules suppress PAMP-induced defense responses, and enable 
the pathogen to overcome basal resistance and to successfully infect the plant (Jones and 
Dangl 2006). Component(s) from the cell wall extract of P. indica (Pi-CWE) also promotes 
the plant growth as the fungus does (Vadassery et al. 2009a) (Figure 3). Pi-CWE and the 
fungus also. modulate a similar set of genes in Arabidopsis roots which also include genes 
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with Ca
2+
 signaling-related functions. Therefore, Ca
2+
 is likely to be an early signaling 
component in the mutualistic interaction between P. indica and Arabidopsis (Vadassery et al. 
2009a). 
...  
    
 
Figure 3. Growth promotion of A. thaliana 
seedlings after 14 days of cocultivation on PNM 
medium with the P. indica plug and treated with 
its cell wall extract (Pi-CWE) and water diffu-
sible extract (Pi-WDE). Water is used as control 
(Johnson et al. 2013b). 
 
 
 
1.5 Calcium signaling - a ubiquitous cellular second messenger  
Plants have evolved very effective mechanisms to perceive, transduce and respond to a wide 
variety of biotic and abiotic signals by modulating intracellular or cytosolic Ca
2+
 ([Ca
2+
]cyt) 
(c.f. Sanders et al. 2002; Lecourieux et al. 2006; Dodd et al. 2010; Kudla et al. 2010; Reddy 
et al. 2011). Perception of stimuli through membrane bound receptors results in generation of 
Ca
2+
, a unique second messenger of signal transduction in cells, which convey signals to the 
cellular machinery to initiate specific signaling events leading to a specific biological 
response (Reddy and Reddy 2004; Reddy et al. 2011). The cellular Ca
2+
 levels are tightly 
regulated and even a small change in the cytosolic concentration provides information for 
protein activation and signaling (Sanders et al. 2002). Ca
2+
 signaling is composed of a 
receptor, a system for generating the transient or slow increase in [Ca
2+
]cyt in response to a 
stimulus, recognition of the Ca
2+
-signature by sensors, transduction of the signature message 
to targets and other cellular systems responsible for returning [Ca
2+
]cyt to its prestimulus level 
(Hetherington and Brownlee 2004, Reddy and Reddy 2004). Changes in [Ca
2+
]cyt occur in 
response to many abiotic signals such as light, low and high temperature, touch, drought, 
oxidative stress and phytohormones, and the biotic signals including bacterial/fungal/-
oomycete PAMPs, Nod factor and Myc factor (c.f. Sanders et al. 2002; Lecourieux et al. 
2006; Dodd et al. 2010; Reddy et al. 2011). [Ca
2+
]cyt elevation is due to an uptake of Ca
2+ 
from the extracellular medium, or by Ca
2+ 
mobilization from organelles, and/or by both 
(Lecourieux et al. 2006). Recombinant aequorin technology based on bioluminescence is used 
+ P. indica + Pi-CWE 
+ water +Pi-WDE 
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to measure [Ca
2+
]cyt in plant cells (Knight et al. 1991, 1997) (Figure 4).  
Microbes/MAMP/PAMP 
or abiotic factors 
Apoaequorin 
transformed cells
+
coelenterezine
Aequorin +
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[Ca2+]cyt
Blue light 
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+
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y
t
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M
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Figure 4. Recombinant aequorin technology to measure [Ca2+]cyt elevation in plant cells. Apoaequorin is 
expressed in all cells of Arabidopsis plant by stable transformation techniques (pMAQ2). By incubating the cells 
or tissues with 5-10μM coelenterazine, the functional aequorin is reconstituted in all cells in the presence of 
oxygen. When biotic agents and/or its molecules or abiotic factors are perceived, the [Ca2+]cyt is released from 
the apoplast (apo) and different internal Ca2+ stores, for example, nucleus (nuc), vacuoles (vac), endoplasmic 
reticulum (ER), chloroplasts (chloro) and mitochondria (mito) into the cytoplasm through different calcium 
permeable channels, pumps, transporters and exchangers. This free Ca2+ binds to the functional aequorin and 
emits blue light which is captured by a high throughput luminometer as relative light units (RLUs). RLUs are 
converted into cytosolic Ca2+ concentration ([Ca2+]cyt) using the formula (Johnson et al. 2011a). 
 
1.5.1 Role of Ca
2+
 signaling in endosymbiotic plant-fungus interactions  
As both AM fungi and P. indica form mutually beneficial symbiotic association with many 
plants, the interaction should be based on general recognition and signaling processes. (cf. 
Oelmüller et al. 2009; Smith and Smith 2011). The complex cellular interaction between root 
and fungi necessitates continuous recognition and signal exchange between both partners 
(Bonfante and Requena 2011). Similar to the rhizobial nodulation in legumes, the interaction 
of AMF and P. indica with roots results in better plant performance through sequential 
cytoplasmic and nuclear Ca
2+
 elevations (Navazio et al. 2007; Kosuta et al. 2008; Vadassery 
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et al. 2009a; Oldroyd et al. 2011). Large scale mutant screenings revealed that the Does Not 
make Infection (DMI) genes are the most important prerequisite genes for successful rhizobial 
and AM symbioses (Parniske 2008; Oldroyd et al. 2011). After the perception of Nod and 
Myc factors by their respective receptors, three DMI genes e.g. DMI1, a putative cation 
channel, DMI2/NORK/SYMRK a
 
receptor-like kinase with LRR domains and DMI3 a chimeric 
Ca
2+
/calmodulin-dependent protein kinase
 
(CaMK), with Ca
2+
 signaling functions play a 
significant role in these symbiotic interactions (c.f. Singh and Parniske 2012; Oldroyd 2013). 
The DMI genes that are essential for rhizobial Nod factor signal transduction are also required 
for the symbiosis with AM fungi and are referred as SYM genes, and mutations in all these 
genes fail to allow entry of
 
the fungus into the cortex (Catoira et al. 2000). Diffusible myc 
factor is involved in a variety of host responses including the activation of SYMBIOSIS (SYM) 
genes (Kosuta et al. 2003; Singh and Parniske 2012), the stimulation of lateral root branching 
(Akiyama et al. 2005) and the activation of starch-related metabolic pathways (Gutjahr et al. 
2009) in M. trunculata. Myc factor does not induce any defense responses like ROS 
accumulation and cell death in host cells (Navazio et al. 2007). The heat stable Pi-CWE also 
promotes the growth of wild-type (WT) seedlings but not of seedlings of P. indica-insensitive 
mutants (Vadassery et al. 2009a). The extract and the fungus induce similar sets of genes in 
Arabidopsis roots, which also include genes with Ca
2+
 signaling-related functions (Vadassery 
et al. 2009a). The CWE induces [Ca
2+
]cyt elevation preferentially in the roots and marginally 
in the shoots which is consistent with the fact that the endophyte is a root-colonizing fungus. 
The fungus and its CWE do not induce H2O2 production, an oxidative burst, programmed cell 
death and hypersensitive reactions in Arabidopsis root eventhough they activate MAPK3 and 
MAPK6 (Vadassery et al. 2009a).  The active component in Pi-CWE which induces [Ca
2+
]cyt 
elevation and growth promotion is not yet identified.   
 
1.5.2 Role of Ca
2+
 signaling in pathogenic interactions and plant defense  
Changes in [Ca
2+
]cyt are also an essential early step in perception of pathogen and its PAMPs, 
and elicitation of subsequent innate immune response in plant cells to activate the plant's 
surveillance system against attempted pathogen invasion (Blume et al. 2000; Klüsener et al. 
2002; Lecourieux et al. 2006). Cryptogein, β-1,3-glucan, Pep-13, Pep-25, INF1 and 
boehmerin from oomycete fungi; BcPG1 and Avr5 from necrotrophic fungi; and flg22, EF-Tu, 
lipopolysaccharides and harpin from bacteria are well known PAMPs which induce [Ca
2+
]cyt 
elevation (cf. Lecourieux et al. 2006). It is reported that [Ca
2+
]cyt elevation alters production 
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of ROS, activation of MAPK, the biosynthesis of stress hormones, production of 
antimicrobial compounds and the enhanced expression of defence genes (Lecourieux et al. 
2006). Only specialized microbes are able to grow and reproduce on a given host plant, 
thereby being pathogenic, despite the activation of PAMP triggered defences (Jones and 
Dangl 2006). A prolonged [Ca
2+
]cyt elevation appears to be correlated with phytoalexin 
accumulation in soybean or parsley cells (Mithöfer et al. 1999; Blume et al. 2000), and the 
establishment of the hypersensitive reaction (HR) in cowpea and tobacco (Xu and Heath 
1998; Lecourieux et al. 2002). A large number of Ca
2+
 sensors including calcium-dependent 
protein kinases (CDPKs), calcium-calmodulin (CaM), calcineurin B-like (CBL) and Ca
2+
-
regulated protein kinases which decode Ca
2+
-signatures, are also involved in plant defence 
against fungal pathogens and their PAMPs (Cheng et al. 2002; Lee and Rudd 2002; Yang and 
Poovaiah 2002; Takahashi et al. 2011). Incision of mildew resistance locus o (MLO), a 
transmembrane CaM-binding protein in barley, leads to powdery mildew resistance indicating 
that MLO has a negative regulatory function in plant defence and cell death (Kim et al. 2002). 
Thus calcium seems to play varied roles on pathogenic fungi perception acting as on-off 
switch for defense mechanism. 
 
1.6 ROS in pathogenic and beneficial plant-fungus interactions  
Phytopathogens and their PAMPs induce ROS and H2O2 production in plant cells as an early 
defense responses (Hu et al. 2009; O’Brien et al. 2012) whereas beneficial MAMP from AMF 
and Pi-CWE did not induce H2O2 production (Navazio et al. 2007; Vadassery et al. 2009a). 
ROS act as signaling molecules modulating several molecular and physiological processes in 
plants, but at higher concentration they are cytotoxic and making the cells more susceptible to 
the necrotrophic pathogens (Mittler et al. 2011). ROS play an important role in recognition of 
pathogen infection and activation of basal defense (c.f. Torres 2010; Heller and Tudzynski 
2011). The necrotrophic fungi e.g. Alternaria brassisicola, A. alternata f. sp. lycopersici and 
Botrytis cinerea use these basal defense to facilitate their infection and successive 
colonization in their hosts by producing effectors/toxins (Gechev et al. 2004; Su’udi et al. 
2011; Zhao et al. 2013). But the activation of ROS/H2O2 in biotrophic or hemibiotrophic 
interactions restricts subsequent growth and successive colonization of fungi (Lenz et al. 
2011). Therefore, ROS/H2O2 induced during different plant-fungal interactions has different 
biological functions. Both Ca
2+
 fluxes and protein phosphorylation are required for the 
controlled generation of H2O2 (Neill et al. 2002). [Ca
2+
]cyt elevations is reported upstream of 
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ROS production (Kawano and Muto 2000) and also as downstream of ROS production 
(Blume et al. 2000), indicating complex spatiotemporal Ca
2+
 elevation mechanisms. 
Membrane-bound NADPH oxidases are involved in ROS production. Interestingly, the 
AtRbohD and AtRbohF (Arabidopsis respiratory burst oxidase homologue)-NADPH oxidases 
have a dual function of mediating pathogen-associated ROS production (Torres et al. 2002). 
Furthermore, Rboh proteins have hydrophilic N-terminal regions containing two EF-hand 
motifs, suggesting that their activation is dependent on Ca
2+
. Ogasawara et al. (2008) have 
shown that ROS production by AtRbohD was induced by ionomycin, a Ca
2+
 ionophore that 
induces Ca
2+
 influx into the cell. P. indica and its CWE did not induce H2O2 in Arabidopsis 
and rather they repressed it by activating different ROS scavenging enzymes (Vadassery et al. 
2009a, b). In pathogenic interactions, transient [Ca
2+
]cyt elevations induce defense gene 
activation, and stimulate an oxidative burst (Lecourieux et al. 2006), whereas in the P. indica-
Arabidopsis interaction, defense gene activation is much lower, and H2O2 is not induced and 
accumulated (Vadassery et al. 2009a).  
 
1.7 Redox responsive transcription factor1 (RRTF1)  
ROS with signaling functions include H2O2, singlet oxygen (
1
O2), hydroxyl radical (OH
.
) and 
superoxide anion radical (O2
.-
) (Mehterov et al. 2012). Among the ROS marker genes, RRTF1 
is the most important one which is rapidly and transiently induced in response to abiotic and 
biotic stress resulting in an enhanced ROS/H2O2 formation in Arabidopsis (Toufighi et al. 
2005; Khandelwal et al. 2008; Mehterov et al. 2012; Kerchev et al. 2013). RRTF1 is an 
APETALA2/ethylene response transcription factor (TF) (AP2/ERF) and its expression in the 
nucleus is controlled by signals from the plastids (Khandelwal et al. 2008). Different ROS-
inducing biotic stress like necrotrophic fungi (Heller and Tudzynski 2011) and PAMPs such as 
flg22 (flagellin 22) and chitin (Nürnberger et al. 1994) stimulate RRTF1 expression whereas 
biotrophic powdery mildew fungus represses its expression (Pandey et al. 2010). RRTF1 is a 
component of a core redox signaling network that includes AP2, Myb, Zinc finger type, EDS1 
(enhanced disease susceptibility1) and WRKY33 TFs (Khandelwal et al. 2008). RRTF1 acts 
as a main hub to amplify ROS production in response to biotic stress and is upstream of 
oxidative burst (Mehterov et al. 2012; Kerchev et al. 2013).  
 
1.8 Alternaria brassicae - A host specific necrotrophic pathogenic fungus  
Necrotrophic pathogenic fungi are major class of phytopathogens causing serious diseases in 
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agriculturally important crop plants resulting in heavy crop loss. Alternaria brassicae (Berk.) 
Sacc., is one of the necrotrophic deuteromycete fungi (Figures 5A-B) causing black/grey leaf 
spot disease in members of brassicaceae family including A. thaliana (Figures 5C-D). It is a 
seed-, air- and soil-borne fungus distributed throughout the world in an endemic form and 
causes lesions with grayish, brownish, or blackish centers and chlorotic margins on the leaves, 
stems, siliques and even on roots (Bains and Tewari 1987), ultimately results in the complete 
death of the plant. Under favourable environmental conditions, the fungus devastates the crop 
within a shorter period. The fungus manifests the symptoms, and causes the disease mostly by 
producing host-specific toxins (HSTs) which are toxic only to the host plants, and are primary 
determinant of virulence or pathogenicity (Walton 1996; Moebius and Hertweck 2009; Pedras 
and Khallaf 2012). Destruxin B and sirodesmin PL are two phytotoxins produced by A. 
brassicae (Pedras and Khallaf, 2012) which elicit a number of phytoalexins including 
camalexin in crucifers (Pedras and Khallaf 2012). Little is known about the early signaling 
events and molecular mechanisms involved in the pathogenic interaction of Arabidopsis and 
A. brassicae. 
 
 
 
 
 
 
 
 
 
 
Figure 5 A. brassicae growth and infection on leaf. Two-week old                  
A. brassicae on potato dextrose agar (PDA) plate (A) and in PD broth (B). 
The fungal infection on Arabidopsis leaf (C).  Multiseptate muriform spores 
of A. brassicae (D) (Johnson et al. 2011a).  
 
 
In my study, I have used both beneficial interaction (A. thaliana-P. indica) and pathogenic 
interaction (A. thaliana-A. brassicae) and their bMAMPs/PAMPs preparations to elucidate the 
role of [Ca
2+
]cyt in plant-microbe interactions using different mutants which lacks [Ca
2+
]cyt 
elevation and ROS amplification.  
A. brassicae on PDA plate A. brassicae in PD broth 
A. brassicae infection  
5A 5B 
5D 
A. brassicae spores 
- A. brassicae  + A. brassicae  
 
5C 
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2. Objectives  
 
The aim of this thesis is to elucidate the role of [Ca
2+
]cyt signaling in the beneficial interaction 
between A. thaliana and P. indica, and the pathogenic interaction between A. thaliana and the 
necrotroph, A. brassicae.  
 
To fulfil the above aim, the following objectives were addressed.  
 
- to identify and purify the component(s) from P. indica, which induce(s) [Ca2+]cyt 
elevation and promote(s) growth in A. thaliana,  
- to isolate Arabidopsis mutants which do not respond to P. indica factor-induced [Ca2+]cyt 
elevation, 
- to elucidate the role of [Ca2+]cyt signaling in the beneficial (A. thaliana-P. indica) and 
pathogenic (A. thaliana-A. brassicae) interactions, 
- to investigate the role of REDOX RESPONSIVE TRANSCRIPTION FACTOR1 
(RRTF1) in the above beneficial and pathogenic interactions in A. thaliana,   
- to study the role of auxin in the A. thaliana-P. indica interaction,  
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3. Manuscript overview 
 
3.1 Manuscript 1 
 
Growth promotion of Chinese cabbage and Arabidopsis by Piriformospora indica is not 
stimulated by mycelium-synthesized auxin 
  
Yin-Chen Lee*, Joy Michal Johnson*, Ching-Te Chien, Chao Sun, Daguang Cai, Binggan 
Lou, Ralf Oelmüller and Kai-Wun Yeh**  
Molecular Plant Microbe Interactions (2011), 24(4): 421-431.  
(*) contributed equally   
(**) corresponding author; email: ykwbppp@ntu.edu.tw  
 
This publication describes how auxin is differentially involved in the P. indica-mediated 
growth promotion in Chinese cabbage (Brassica campestris subsp. chinensis) and 
Arabidopsis thaliana seedlings. We could demonstrate that the growth promotion in Chinese 
cabbage is mediated by the modulation of auxin signal and transport carrier proteins which 
increases auxin levels; whereas these proteins are not involved in the fungus induced growth 
promotion in A. thaliana as the auxin levels are not affected in the colonized A. thaliana. 
Mutants impaired in auxin synthesis, signaling and transportation (aux1, aux1/axr4 and rhd6) 
responded well to P. indica in Arabidopsis. This paper could further show that component(s) 
from P. indica but not auxin stimulated growth of Chinese cabbage and Arabidopsis seedlings.  
 
All experiments were designed by K.W.Y. and Y.C.L. on Chinese cabbage and by R. O. and 
J.M.J. on Arabidopsis. Y.C.L. performed the experiments on Chinese cabbage and J.M.J. on 
Arabidopsis. The overexpression of Bcaux1 in Arabidopsis was done by Y.C.L and C.T.C. 
J.M.J. partially purified Pi-CWE and Pi-WDE. J.M.J. and C.S. did growth promotion assay. 
D.C. and B.L. contributed to the discussion. R.O. and K.W.Y. wrote the paper.  
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3.2 Manuscript II 
 
 
Indole-3-acetaldoxime-derived compounds restrict root colonization in the beneficial 
interaction between Arabidopsis roots and the endophyte Piriformospora indica 
 
Pyniarlang L. Nongbri*, Joy Michal Johnson*, Irena Sherameti, Erich Glawischnig, Barbara 
Ann Halkier and Ralf Oelmüller** 
Molecular Plant Microbe Interactions (2012), 25(9): 1186-1197. 
(*) contributed equally 
(**) corresponding author; email: b7oera@hotmail.de 
 
This publication explores the role of indole glucosinolate and camalexin in the beneficial 
interaction between A. thaliana and P. indica. The double knock out cyp79B2 cyp79B3 mutant 
which is devoid of indole glucosinolate and camalexin, and pad3 defective in camalexin 
biosynthesis did not show growth promotion under short- and long-term cocultivation 
experiments with P. indica due to the over-colonization of the fungus which shift the 
interaction from mutualism to parasitism. This paper further shows [Ca
2+
]cyt signaling is 
essential for the indole glucosinolate and camalexin biosynthesis. We propose that constitutive 
levels of glucosinolate and camalexin are important to restrict degree of fungal colonization to 
a mutually beneficial level for both the partners.  
 
All the experiments are designed by R. O; P. L. N. investigated the knock out cyp79B2 
cyp79B3 and pad3 mutants. J. M. J. analyzed the role of [Ca
2+
]cyt signaling in P. indica-A. 
thaliana interaction using mutants. E. G. measured camalexin levels. B. A. H. created the 
cyp79B2 cyp79B3 double mutant. I. S. coordinated the work.  
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3.3 Manuscript III  
 
 
Agony to Harmony - What decides? Calcium signaling in beneficial and pathogenic 
plant-fungus interactions - What can we learn from the Arabidopsis/Piriformospora 
indica symbiosis? 
 
Joy Michal Johnson and Ralf Oelmüller*  
In Molecular Microbial Ecology of the Rhizosphere (2013), Volume 2, pp 833-850, First 
Edition. Edited by Frans J. de Bruijn. © 2013 Wiley-Blackwell. Published by John Wiley & 
Sons, Inc. 
(*) corresponding author; email: b7oera@hotmail.de 
 
This book chapter reviews the role of [Ca
2+
]cyt signaling in beneficial and pathogenic fungal 
interactions. We attempted to summarise the origin and function of [Ca
2+
]cyt signaling, biotic 
and abiotic stimuli inducing [Ca
2+
]cyt elevation, measurement of [Ca
2+
]cyt elevation and the 
involvement of [Ca
2+
]cyt in different stages of pathogenesis and endosymbosis in plant cells. 
The importance of [Ca
2+
]cyt signaling in Arbuscular Mycorrhiza and P. indica endosymbiosis 
is reviewed in details.  
 
J.M.J. and R.O. wrote this book chapter.   
 
 
 
 
 
 
 
 
 
 
 
Manuscript overview 
 
 
- 20 - 
 
3.4 Manuscript IV (in preparation)  
 
 
Growth and Defense - Ca
2+
 signaling in unstable continuum: Piriformopsora indica-
derived trisaccharide induces intracellular calcium elevation, promotes growth and 
confers resistance in Arabidopsis thaliana 
  
Joy Michal Johnson, Ravikumar Maddula, Michael Reichelt, Sybille Lorenz, Mitsuhiro 
Matsuo, Rinesh Godfrey, Jyothilakshmi Vadassery, Pyniarlang L. Nongbri, Frank D-Böhmer, 
Jonathan Gershenzon, Bernd Schneider, Ales Svatos and Ralf Oelmüller
* 
(*) corresponding author; email: b7oera@hotmail.de 
 
In this work, we report that a trisaccharide (m/z = 505.1748; Pi-504) is the active component 
in the CWE of P. indica which induces [Ca
2+
]cyt elevation in roots and also promotes growth 
in A. thaliana. Further we have screened for and identified mutants which do not respond to 
Pi-504-induced [Ca
2+
]cyt elevation. The mutants are impaired in P. indica-induced growth 
promotion and are highly susceptible to Alternaria brassicae infection, sensitive to A. 
brassicae-toxin preparation, and oxidative and salt stress. A. brassicae-toxin-induced Ca
2+
 
signaling cascades which lead to hypersusceptibility of Arabidopsis to A. brassicae are 
repressed by Pi-504-induced Ca
2+
 signaling cascades. We could also prove that loss-of-
function of gene involved in sensing Pi-504 and inducing [Ca
2+
]cyt elevation, also affected the 
tight regulation of reactive oxygen species (ROS) production which is downstream of [Ca
2+
]cyt 
elevation. These results suggest that the P. indica-induced [Ca
2+
]cyt elevation is crucial for the 
growth promotion, and the activation of defense against different abiotic and biotic stress.  
 
J.M.J. and R.O. designed and planned the research. J.M.J. did experiments. J.M.J., R.M., S.L., 
M.R., B.S. and AS purified and analysed Pi-504. J.M.J. and R.G. performed ROS 
experiments. M.M. developed the overexpressors.  J.M.J., P.L.N. and J.V. analysed data. J.V., 
F.D.B. and J.G. contributed to the discussion. J.M.J. and R.O. wrote the article. R.O. 
supervised the work. 
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3.5 Manuscript V (under revision, The Plant Cell)   
 
 
REDOX RESPONSIVE TRANSCRIPTION FACTOR1 amplifies the formation of 
reactive oxygen species in Arabidopsis thaliana shoots and roots 
 
Mitsuhiro Matsuo*, Joy Michal Johnson*, Rinesh Godfrey, Junichi Obokata, Frank-D. 
Böhmer and Ralf Oelmüller
**
 
(*) even contribution 
(**) corresponding author; email: b7oera@hotmail.de 
 
In this paper, we showed the role of a highly conserved REDOX RESPONSIVE 
TRANSCRIPTION FACTOR1 (RRTF1) in amplification of reactive oxygen species (ROS) in 
A. thaliana under abiotic and biotic stress conditions. The differential responses of RRTF1 in 
beneficial and pathogenic interactions in A. thaliana were also clearly demonstrated. Loss-of-
function of RRTF1 restricts and overexpression promotes ROS production in response to 
biotic and abiotic stress. We could further show that the beneficial root endophyte P. indica 
represses ROS accumulation locally in roots and systemically in shoots by repressing RRTF1 
and activating scavenging enzymes. The microarray data shows that RRTF1 is a main hub for 
the amplification of ROS by activating different ROS/H2O2 generating/marker genes in A. 
thaliana.  
 
R.O., J.M.J., and M.M. designed the research. M.M. developed over expressers. J.M.J. and 
M.M. did microarray experiments. J.M.J. did all experiments with fungi and light stress. 
J.M.J. and R.G. performed ROS measurements. J.M.J., M.M., and R.O. analysed data. F.D.B., 
and J.O. contributed to the discussion and article. R.O. planned and supervised the research. 
R.O., J.M.J., and M.M. wrote the article.    
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3.6 Manuscript VI (in preparation) 
 
 
A cell wall extract and exudates from Alternaria brassicae induce intracellular calcium 
elevation and is crucial for the enhanced tolerance to biotic and abiotic stress in 
Arabidopsis thaliana  
 
Joy Michal Johnson, Michael Reichelt, Pyniarlang L. Nongbri, Jyothilakshmi Vadassery, 
Jonathan Gershenzon and Ralf Oelmüller
* 
(*) corresponding author; email: b7oera@hotmail.de 
 
In this paper, we describe how a cell wall extract (CWE), exudates from germinating spores 
and mycelium, and a toxin preparation from the pathogenic fungus, A. brassicae induce 
receptor mediated [Ca
2+
]cyt elevation in roots. Mutants, which do not respond to CWE and 
exudates in [Ca
2+
]cyt elevation, responded well to toxin preparation, were screened and 
identified. We could further show that the CWE- and exudates-induced Ca
2+
]cyt elevation is 
involved in the activation of basal defense, and thereby in enhanced tolerance to abiotic and 
biotic stress; whereas toxin-induced Ca
2+
]cyt elevation is involved in hypersusceptibility to the 
fungus.  
 
J.M.J. and R.O. designed and planned the research. J.M.J did all experiments. J.M.J. and M.R. 
performed phytohormones, glucosinolates and camalexin measurements. J.M.J. and P.L.N. 
analysed data. P.L.N., J.V. and J.G. contributed to the discussion and article. J.M.J. and R.O. 
wrote the article. R.O. supervised the research. 
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3.7 List of other publications (Kept as supplementary publications in CD)  
 
1. Balancing defense and growth - Analyses of the beneficial symbiosis between 
Piriformospora indica and Arabidopsis thaliana. 
Pyniarlang L. Nongbri, Khabat Vahabi, Anna Mrozinska, Eileen Seebald, Chao Sun, Irena 
Sherameti, Joy M. Johnson and Ralf Oelmüller.  
Symbiosis (2012), 58: 17-28.  
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Running title: Pi-504 induces [Ca
2+
]cyt elevation, promotes growth and confers resistance in 
Arabidopsis  
 
Abstract  
Piriformospora indica (Pi), an endophytic fungus, colonizes the roots of many plant species 
including Arabidopsis thaliana leading to growth promotion and enhanced seed yield. A Pi-
cell wall extract (Pi-CWE) induces cytosolic Ca
2+
 ([Ca
2+
]cyt)  elevation and promotes growth, 
as the fungus does. We purified and characterized the Pi-CWE as a trisaccharide with an 
accurate mass of 504.1748 Da (Pi-504). Pi-504 induces [Ca
2+
]cyt elevation in roots of 
Arabidopsis seedlings and promotes growth in Arabidopsis and tobacco. We screened an EMS 
mutagenized apoaequorin seedling-population and identified mutants which do not respond to 
Pi-504 for [Ca
2+
]cyt elevation and growth promotion. The impaired growth promotion is 
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evidenced by low biomass, reduced photosynthetic efficiency and downregulation of primary 
metabolism genes. The mutant is more sensitive to abiotic stress such as salt and oxidative 
stress, and hypersensitive to the necrotrophic fungus, Alternaria brassicae. Therefore, the 
mutated gene required for [Ca
2+
]cyt elevation is involved in defense responses. Loss-of-
function of gene involved in inducing [Ca
2+
]cyt elevation, affected the tight regulation of 
reactive oxygen species (ROS) production, in response to A. brassicae infection. Genetic and 
pharmacological studies show that Pi-504-induced [Ca
2+
]cyt elevation is upstream of redeox 
responsive transcription factor 1 (RRTF1)  which amplifies ROS in Arabidopsis. These results 
suggest that the P. indica-induced [Ca
2+
]cyt elevation is crucial for growth promotion, and the 
activation of defense against biotic and abiotic responses. Pi-504-induced Ca
2+
 signaling 
cascades, repressed the A. brassicae-toxin-induced Ca
2+
 signaling cascades which lead to 
hypersusceptibility of Arabidopsis to A. brassicae. 
 
INTRODUCTION 
 
Being sessile in nature, plants must adapt themselves to changing environments by their 
ability to sense and respond rapidly to a wide variety of biotic and abiotic stimuli. Plants have 
evolved very effective mechanisms to perceive, transduce and respond to a wide variety of 
biotic and abiotic signals by modulating intracellular or cytosolic Ca
2+
 concentration 
([Ca
2+
]cyt) (c.f. Sanders et al., 2002; Lecourieux et al., 2006; Dodd et al., 2010; Oldroyd et al., 
2011; Reddy et al., 2011). Ca
2+
-based signaling systems are composed of a receptor, a system 
for generating the transient or slow increase in [Ca
2+
]cyt, downstream components that are 
capable of sensing the increase in [Ca
2+
]cyt, transducing the signature message to targets and 
other cellular systems responsible for returning [Ca
2+
]cyt to its prestimulus level (Sanders et 
al., 2002; Hetherington and Brownlee, 2004). Under resting conditions, [Ca
2+
]cyt is maintained 
below 100 nm, 10
4
 times less than that in the apoplastic fluid and 10
4
 to 10
5
 times less than 
that in different cellular Ca
2+
 stores e.g. vacuoles, endoplasmic reticulum, chloroplast, 
mitochondria and nucleus resulting in a steep gradient which is essential for signaling process 
(Lecourieux et al., 2006; Kudla et al., 2010). [Ca
2+
]cyt changes can be quantitatively measured 
in plants by a noninvasive recombinant aequorin technology (Knight et al., 1991; 1997).   
Plants interact with a wide array of microorganisms, with interactions being beneficial or 
pathogenic to the plants. [Ca
2+
]cyt elevation is one of the earliest physiological responses in 
root and leaf cells in response to pathogenic and symbiotic fungi, and are key determinants for 
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the development of symbiosis, disease resistance or susceptibility in plants (Garcia-Bruggger 
et al., 2006; Chabaud et al., 2011). Upon perception of signals from beneficial fungi or/and its 
beneficial microbe-associated molecular patterns (bMAMPs) and pathogenic fungi or/and its 
pathogen-associated molecular patterns (PAMPs), [Ca
2+
]cyt levels transiently increase in their 
host cells within seconds in a receptor mediated process to activate Ca
2+ 
signaling cascades 
(Blume et al., 2000; Lecourieux et al., 2002; Navazio et al., 2007; Hu et al., 2009; Vadassery 
et al., 2009). Plants discriminate both the nature and strength of these stimuli to mount an 
appropriate rapid adaptive response for their survival (Mithöfer and Mazars, 2002). The 
interplay of Ca
2+ 
signaling and their information processing during plant-fungus interactions 
are the key determinants in the decision either to establish symbiosis or disease resistance/-
susceptibility in plants (Lecourieux et al., 2006; Dodd et al., 2010; Kudla et al., 2010).  
The beneficial interaction of the root endophyte, Piriformospora  indica with a multitude 
of horticulturally and agriculturally important plants as well as model plants including 
Arabidopsis thaliana ultimately leads to growth promotion, increased biomass production and 
enhanced resistance/tolerance against biotic and abiotic stress (cf. Varma et al., 1999; Peškan-
Berghöfer et al., 2004; Sherameti et al., 2005; Waller et al., 2005; Shahollari et al., 2007; 
Vadassery et al., 2009; Sun et al., 2010; Lee et al., 2011; Johnson et al., 2011b). The fungus 
can be cultivated axenically on synthetic or complex media without a host (Varma et al., 1999, 
2001; Peškan-Berghöfer et al., 2004). The plants benefit from this relationship by 
reprogramming plant transcriptomes, proteomes and metabolomes that are directly or 
indirectly involved in phytohormone synthesis and signaling, increased root and shoot growth, 
increased nutrient uptake, early flowering, enhanced seed production, and protection against 
drought, salinity and phytopathogens (Waller et al., 2005; Deshmukh et al., 2006; Shahollari 
et al., 2007; Sherameti et al., 2008; Stein et al., 2008; Vadassery et al., 2008, 2009; Camehl et 
al., 2010, 2011; Sun et al., 2010; Yadav et al., 2010; Lee et al., 2011; Zuccaro et al., 2011; 
Jacobs et al., 2011) . The modulation of gene expressions, proteins and metabolites helps both 
partners to keep the interaction mutually beneficial. As the fungus can colonize the roots of 
most of the plant species tested so far, the interaction between the symbiotic partners should 
be based on general recognition and signaling processes (Oelmüller et al., 2009). Ca
2+
 
signaling plays a major role in the endosymbiotic interaction between P. indica and A. 
thaliana (Vadassery et al., 2009; Johnson et al., 2011a; Nongbri et al., 2012). One of the 
earliest signaling events in this beneficial interaction is a transient increase of [Ca
2+
]cyt 
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followed by a nuclear Ca
2+
 response (Vadassery et al., 2009). A heat stable cell wall extract 
(CWE) from the fungus induces [Ca
2+
]cyt elevation and also promotes the growth of 
Arabidopsis seedlings as the fungus does. The CWE and the fungus induce similar sets of 
genes in Arabidopsis roots, which also include genes with Ca
2+
 signaling-related functions 
(Vadassery et al., 2009). However, the active component in the CWE and the early signaling 
events in the plant cell leading to growth promotion and defense responses in this beneficial 
plant/microbe interaction are mostly not known.  
Here, we report the purification and characterisation of a trisaccharide from P. indica-CWE 
(Pi-504), which is responsible for [Ca
2+
]cyt elevation in Arabidopsis  roots, and growth 
promotion in Arabidopsis and tobacco, as the fungus does. We isolated an Arabidopsis mutant, 
pi-cycam (Pi-504-induced cytosolic calcium elevation mutant) which fails to induce [Ca
2+
]cyt 
elevation, and also impairs in growth promotion, and tolerance to biotic and abiotic stress. 
Loss-of-function of gene involved in Pi-504-induced [Ca
2+
]cyt elevation, affected the tight 
regulation of reactive oxygen species (ROS) production, in response to A. brassicae infection. 
Genetic and pharmacological studies further showed that Pi-504-induced [Ca
2+
]cyt elevation is 
upstream of redox responsive transcription factor 1 (RRTF1), which amplifies ROS in 
Arabidopsis.  
 
RESULTS 
 
A trisaccharide is the active component in the cell wall extract of P. indica  
The crude Pi-CWE which induces [Ca
2+
]cyt elevation in roots and also promotes growth in 
Arabidopsis (Vadassery et al., 2009), was further purified using HPLC and UPLC as 
described in the methods. The biologically active compound in Pi-CWE was purified as a 
trisaccharide (C18H32O16) with m/z (mass by charge ratio) of 505.1748 (Pi-504; (Figures 1A-
B). After 1 min of background measurement, the Pi-504 treated Arabidopsis roots induced a 
rapid and transient increase in the [Ca
2+
]cyt (Figure 2A). After a lag phase of 15-20 ± 5 second,  
.. 
 
 
 
 
 
 
1A 
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Figure 1. Purification of Pi-504 from Pi-CWE. Pi-504 was purified from the Pi-CWE as described in the 
methods based on its property to induce [Ca2+]cyt elevation and growth promotion in Arabidopsis seedlings. Pi-
504 has an accurate molecular mass of m/z (mass by charge ratio) 505.1748. The chromatogram of Pi-504; 
RT=10.46 (A) and the high resolution LC-MS spectrum corresponding to RT=10.46 min (B) are shown.  
 
the [Ca
2+
]cyt level begins to rise and a sharp Ca
2+ 
peak of 507 ± 6 nM at 40 ± 5 s was observed  
(Figure 2A). This transient Ca
2+ 
peak was followed by slow and gradual decrease of [Ca
2+
]cyt 
level and did not reach to the base level even after 80 min (Figure 2B). The magnitude of 
[Ca
2+
]cyt response was dose-dependent as the increasing or decreasing concentration of Pi-
CWE increases or decreases the [Ca
2+
]cyt level (Figure 2C). The strong acid hydrolysis of Pi-
504 cleaved the trisaccharide into glucose and galactose (data not shown) and did not induce 
[Ca
2+
]cyt elevation in roots (Figure 2D). Pi-504 also promoted the growth of Arabidopsis and  
 
Figure 2. Pi-504 induces [Ca
2+
]cyt 
elevation in A. thaliana seedlings 
expressing cytosolic aequorin. Mean 
(± SE, n=40) [Ca2+]cyt elevation in roots 
of 18-day old seedlings challenged with 
50 μl of Pi-504 as described in 
‘methods’ for 10 min. The arrow 
indicates the time (1 min) of addition of 
the stimuli/water (A). Prolonged 
[Ca2+]cyt elevation after treating the roots 
with 50 μl Pi-504 for 80 min (B).  Dose 
dependent increase in [Ca2+]cyt elevation 
in Pi-504 treated seedling roots (C). 
Acid hydrolysis of Pi-504 completely 
inhibited [Ca2+]cyt elevation (D). In all 
the experiments, sterile water was used 
as control and gave background 
readings.  
 
1B 
2A 2B 
2C 2D 
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tobacco seedlings when they were grown on MS medium amended with Pi-504 (Figures 3A-
C), although the growth response to Pi-504 was significantly less in both Arabidopsis and 
tobacco seedlings compared to the fungus-induced growth promotion (Figures 3A-F). These 
results clearly demonstrate that Pi-504 is a bMAMP which induces [Ca
2+
]cyt elevation in roots 
and promotes the growth of Arabidopsis and tobacco seedlings as the fungus does.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Pi-504 promotes the growth of Arabidopsis and tobacco seedlings.  Arabidopsis (WT-aequorin - 
pMAQ2) and tobacco were grown on MS medium supplemented with 3% of Pi-504 at a strength used to 
measure [Ca2+]cyt elevation for 14 days. Pi-504 promoted the growth of Arabidopsis seedling (A) and tobacco 
seedling (B). The growth promotion was quantified as biomass on fresh weight (FW) basis (C). Mock treatment 
was done with sterile water. The growth promotion by P. indica is shown in Arabidopsis (D) and tobacco (E) and 
was quantified as biomass in FW (F). Mock treatment was done with KM plug. The pictures are representative 
and values are mean ± SE of four independent experiments with N = 50 per treatment per experiment.  
3A 3D 
3B 
3C 3F 
3E 
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Isolation of [Ca
2+
]cyt mutants nonresponsive to Pi-504 
To identify mutants defective in Pi-504-induced [Ca
2+
]cyt elevation in the early symbiotic 
interaction of P. indica with Arabidopsis seedlings, we screened 0.4 and 0.2% (v/v) EMS-
mutagenized M2 populations of the transgenic Arabidopsis expressing cytosolic apoaequorin 
in Col-0 background (pMAQ2) with Pi-504 treatment. Approximately 70% of the roots from 
16-18-day old individual M2 seedlings (24 seedlings from individual M1 plants) grown on 
Hoagland (HL) medium was dissected and used to measure [Ca
2+
]cyt elevation (the detailed 
protocol: Johnson et al., 2011a) and Pi-504 was used as the stimulus. The mutant seedlings 
were rescued for seed collection. Out of 2,40,000 M2 seedlings of 10,000 individual M1 lines 
screened, 8 independent putative mutants completely failed to induce [Ca
2+
] elevation in 
response to Pi-504 (Figure 4A). The mutants were transferred to soil and M3 seeds were 
propagated. Seedlings from 4 independent mutants e.g. pi-cycam1, pi-cycam2, pi-cycam3 and 
pi-cycam4 (cytosolic calcium mutant to Pi-504) did not show any [Ca
2+
]cyt elevation to Pi-504 
and are thus homozygous (Supplemental Material 1). pi-cycam1 and pi-cycam2 were used for 
further studies as they did not show any visible growth phenotype compared to WT (Figure 
4B). To determine the inheritance pattern of Pi-CYCAM, pi-cycam1 and pi-cycam2 were 
backcrossed to their ancestor WT (Col-0) as well as outcrossed to WT (La-er) ecotype and  
.................. 
 
 
 
Figure 4. Screening for mutants which do 
not respond to Pi-504-induced [Ca
2+
]cyt 
elevation. M2 seedlings from the individual 
M1 plants were used for the mutant 
screening. About 70% of roots from the 
individual M2 seedlings were challenged 
with Pi-504. pi-cycam1 to pi-cycam8 did 
not respond to Pi-504 induced [Ca2+]cyt 
elevation. The WT seedlings expressing 
cytosolic apoaequorin served as control (A). 
Three weeks old homozygous mutants 
grown under short day (8h/16h - light/dark) 
condition at 22˚C with a light intensity of 
100 µmol photons m-2 s-1 (B).  
 
 
 
 
 
4A 
4B 
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resulted in the complete restoration of [Ca
2+
]cyt elevation to Pi-504 in ~25% of F2 progenies. 
Therefore, Pi-CYCAM is a recessive and qualitative trait. Complementation analysis was done 
by crossing pi-cycam1 and pi-cycam2, and the resulted F1 progenies did not show [Ca
2+
]cyt 
elevation to Pi-504 and thus the mutation is allelic (Supplemental Material 2). Henceforth, the 
mutants are named as pi-cycam1-1 and pi-cycam1-2.  
 
pi-cycam1 responds to A. brassicae toxin preparation  
P. indica-colonised plants confer resistance against a wide range of pathogenic fungi 
including powdery mildew fungi, Blumeria graminis f.sp. hordei and root rot fungi, Fusarium 
culmorum in barley and Golovinomyces orontii in A. thaliana (Schäfer et al., 2007; Camehl et. 
al., 2010; Jacobs et al., 2011). A. brassicae is a necrotrophic fungus infecting the members of 
crucifers including A. thaliana and the pathogenicity factor is its host specific toxin. The host 
specific A. brassicae-toxin (Ab-toxin) preparation mimics pathogenic fungus on symptom 
development and growth inhibition (Moebius and Hertweck, 2009; Pedras and Khallaf, 2012). 
The response of pi-cycam1-1 and pi-cycam1-2 was also tested to Alternaria brassicae-toxin 
preparation for [Ca
2+
]cyt elevation. Interestingly, both mutants responded to Ab-toxin with 
regard to the [Ca
2+
]cyt elevation (Figure 5). However, the [Ca
2+
]cyt elevation in response to Ab-
toxin in both mutants were marginally lower than that of WT.  
 
Figure 5. The response of pi-cycam 
to Ab-toxin. The roots of both pi-
cycam1-1 and pi-cycam1-2 were 
challenged with 50 μl Ab-toxin 
preparation. Both mutants responded 
to the toxin, but to a lesser extend. 
WT seedlings served as control. All 
curves represent mean ± SE of 4 
independent experiments with 8 
replications in each experiment.  
 
 
 
Plant cells are often desensitised or lose their capacity to respond to consecutive treatments 
with the same stimulus called “refractory behavior”, but remain sensitive to different 
stimulus, perceived by another receptor (Blume et al., 2000). To test whether [Ca
2+
]cyt 
responses induced by Pi-504 and Ab-toxin have this refractory behavior, roots of pi-cycam1-2 
and WT (pMAQ2) were challenged first and also subsequently with Pi-504 and Ab-toxin 
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preparation. Pi-504 or A. brassicae-toxin was applied to WT seedling roots at the beginning of 
the experiment as first stimulus and 10 min later when the [Ca
2+
]cyt  induced by the first 
application is on its descent, a second application of the same stimulus evoked a weak 
responses in roots (‘refractory’) (Figure 6A). Similarly, WT roots treated at first with Pi-504 
then followed a second application of Ab-toxin induced a strong and significant [Ca
2+
]cyt 
elevation in WT roots indicating that the system is still competent (Figure 6A). In pi-cycam 
roots, the first application of Pi-504 followed by the second application of Ab-toxin evoked a 
transient [Ca
2+
]cyt elevation (Figure 6B). These results clearly demonstrate that different genes 
are involved in Pi-504- and Ab-toxin-induced [Ca
2+
]cyt elevation. Interestingly, the kinase 
inhibitor staurosporine treatment completely blocked the [Ca
2+
]cyt elevation induced by Pi-504 
and Ab-toxin in both WT and Pi-CYCAM mutants which clearly indicate that the presence of 
kinase domain(s) in these genes (Figures 6C-D).  
 
 
 
Figure 6. Refractory behaviour 
of bMAMPs and toxin on the 
time course of [Ca
2+
]cyt changes 
induced in WT and pi-cycam1-2 
seedling roots in the competition 
assay. Mean (± SE, n=24) of Pi-
504-induced [Ca2+]cyt elevation 
when WT and mutant roots were 
treated first with Pi-504 and 
subsequently 10 min later with Ab-
toxin preparation (A) and (B). 
Incubation of roots in 5 µM 
staurosporine completely blocked 
Pi-504- and Ab-toxin-induced 
[Ca2+]cyt elevation in WT (C) and 
Ab-toxin-induced [Ca2+]cyt 
elevation in pi-cycam1-2  (D).  
 
 
 
Pi-CYCAM mutants are impaired in growth promotion to Pi-504 and P. indica 
Pi-504 did not promote the growth of pi-cycam1-1 and pi-cycam1-2 unlike WT, when they 
were grown on MS medium supplemented with Pi-504 (Figures 7A-B). The growth 
promotion by the fungus was significantly reduced in mutants in terms of seedling biomass 
compared to WT (Figures 7C-D). The fitness of the seedlings to photosystems were also 
6A 6B 
6C 6D 
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determined by measuring various chlorophyll fluorescence parameters e.g. maximum 
quantum yield of photosystem II (PSII) (Fv/Fm), quantum yield of PSII (ΦPSII), photochemical 
quenching or proportion of open PS II (qP) and nonphotochemical quenching (NPQ) after a 
dark adaptation for 20 min using a Fluorocam (Maxwell and Johnson, 2000; Wagner et al., 
2008). Dark adapted values of Fv/Fm did not show any difference in pi-ycam1-1 and cycam1-2  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. pi-cycam showed no growth promotion to Pi-504 and reduced growth promotion to P. indica. WT 
and pi-cycam were grown on MS supplemented with 3% of Pi-504 at a strength used to measure [Ca2+]cyt 
elevation, under LD condition for 14 days. Pi-504 promoted the growth of WT Arabidopsis seedling but not of 
pi-cycam1-1 and pi-cycam1-2 (A) and the growth promotion is quantified as biomass on fresh weight (FW) basis 
(B). Mock treatment was done with sterile water. The growth promotion by P. indica was significantly reduced in 
both mutants compared to WT (C) and was quantified as biomass on FW (D). Mock treatment was done with 
KM plug. The pictures are representative and values are mean ± SE of 4 independent experiments with 50 
seedlings for Pi-504 treatment and 24 seedlings for P. indica cocultivation in a treatment in each experiment.  
7A 
7C 
7B 7D 
mock                   Pi-504                               mock                   P. indica 
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compared to WT and is more than 0.83 (Figure 8A-E). However, ΦPSII, NPQ and qP were 
marginally but significantly decreased in the mutants compared to WT (Figure 8E). Thus, the 
efficiency of the photosynthetic electron transport (ΦPSII, qP) and the ability of heat 
dissipation of photochemical energy (NPQ) are impaired in the chloroplasts of pi-cycam1-1 
and pi-cycam1-2 to a lesser extent. We could demonstrate the direct involvement of Pi-
CYCAM on the efficiency of electron flow and in photo- and nonphoto-chemical quenching of 
plastoquinone pool in the chloroplast.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Photosynthetic parameters are affected in 
pi-cycam1-1 and pi-cycam1-2 seedlings. Mutants and 
WT were grown on MS medium supplemented with Pi-
504 as described earlier for 14 days. The maximum 
quantum yield of PS II (Fv/Fm) is not affected, quantum 
yield of PSII (ΦPSII), photochemical quenching or 
proportion of open PS II (qP) and non photochemical 
quenching (NPQ) are impaired in pi-cycam (A-E). The 
representative pictures were taken (A) and also from 
split plate experiment (C); (B) and (D) are false images 
in fluorocam from (A) and (C) respectively. Pi-504 has 
no and reduced effect on different photosynthetic 
parameters in WT and Pi-CYCAM mutants respectively 
(E). The pictures are representative and the values are 
mean ± SE of 4 independent experiments with 50 
seedlings per line per treatment in each experiment.  
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Loss-of-function of gene involved in Pi-504-induced [Ca
2+
]cyt elevation impairs the 
expression of genes involved in primary metabolism 
 
The beneficial interaction of P. indica with the host plants is accompanied by a better 
acquisition of nitrogen (N), phosphorus (P), sulphur (S) and iron (Fe) from the environment 
by modulating different genes involved in the primary metabolism (Sherameti et al., 2005; 
Yadav et al., 2010). We have checked the expression of Nia1 and Nia2 involved in nitrogen 
metabolism (Sherametti et al., 2005) and Pht1.1 and Pht1.5 which play a critical role in the 
mobilization of phosphorus to the plant (Yadav et al., 2010) in both pi-cycam1-2 and WT 
seedlings grown on MS medium supplemented with Pi-504 and cocultivated with P. indica. 
The expression levels of Nia1, Nia2, Pht1.1 and Pht1.5 are highly upregulated in WT 
seedlings grown with Pi-504 and the fungus, whereas these genes were less regulated in pi-
cycam1-2 except for Nia2 with the fungus (Figure 9).  
 
Figure 9. Pi-CYCAM mutant modulates the 
expression of genes involved in primary metabolism. 
Mutants and WT were grown on MS medium 
supplemented with Pi-504 for 14 days or cocultivated 
with P. indica for 6 days were harvested for RNA 
extraction. The upregulation of Nia1 and Nia2 involved 
in nitrogen metabolism and the phosphate transporters 
Ph1.1 and Ph1.5 are shown in WT either treated with 
Pi-504 or cocultivated with P. indica, but not in pi-
cycam1-2. Mock treatment was done either with water 
or with KM plug in the respective experiments. The 
pictures are representative of 4 independent experiments 
with 3 replications each.    
 
pi-cycam1 seedlings are sensitive to abiotic and biotic stress  
The sensitivity of pi-cycam to NaCl and H2O2 were analysed by growing the mutants and WT 
on MS medium amended with 100 mM NaCl and 10 mM H2O2. After 3 weeks of growth, 
both treatments significantly reduced the biomass in mutants and WT but the extent of 
reduction was more in pi-cycam1-1 and pi-cycam1-2 (Figure 10A). This result suggests that 
Pi- CYCAM1 is involved in salt and oxidative stress. Further, the mutants were extremely 
susceptible to A. brassicae infection and its toxin preparation as evidenced by high incidence 
of disease and high reduction of biomass compared to WT (Figures 10B-E) which clearly 
demonstrates that there is a break down of both defense and growth in mutants. The result of 
toxin influence on both pi-cycam1 and WT prompted us to compare these lines with flg22 
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(flagellin22), a well-known bacterial PAMP which inhibit the growth of Arabidopsis seedlings 
(Anderson et al., 2011; Ranf et al., 2012). flg22 treatment significantly inhibited the growth 
but did not show any preferential effect on the mutants and WT seedlings (Figures 10D-E). 
Moreover, both mutants responded normally to flg22 like WT in terms [Ca
2+
]cyt elevation 
when challenged with 10-day old cotyledons (data not shown).  
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Figure 10. pi-cycam1 seedlings are more sensitive to abiotic and biotic stress. Mutant and WT seedlings were 
grown on MS medium supplemented with 10 mM H2O2 or 100 mM NaCl for 20 days (A). The values are mean 
± SE of four independent experiments with more than 50 seedlings of each line in one treatment per experiment. 
(B) and (C) show both mutants are highly susceptible to A. brassicae infection compared to WT. The percentage 
disease index (PDI) were determined at 3, 5, 7 and 10 days after inoculation (dai) of seedling leaves of different 
lines with spore suspension. The representative pictures were taken at 5 dai and the values are mean ± SE of 4 
independent experiments with 24 seedlings of each line in a treatment in each experiment. The response of pi-
cycam1 seedlings to Ab-toxin and flg22 in MS medium supplemented with 3% of Ab-toxin at a strength used to 
measure [Ca2+]cyt elevation and 1 µM flg22, under LD condition for 14 days (D) and (E). The growth inhibition 
was determined by taking biomass on FW basis. The pictures are representative and values are mean ± SE of 
four independent experiments with more than 50 seedlings per line per treatment in each experiment.  
 
A. brassicae induce more H2O2 and ROS production in pi-cycam1 seedlings  
Phytopathogens- and their PAMPs-induced ROS and H2O2 production in treated plant cells 
(Lecourieux et. al., 2006; Peleg-Grossman et al., 2012) whereas, bMAMPs from AMF and P. 
indica did not induce H2O2 production (Navazio et al., 2007; Vadassery et al., 2009). ROS and 
H2O2 levels were measured from the roots and shoots of WT and mutants seedlings after 
treating them with Ab-toxin and inoculated with A. brassicae spores. Ab-toxin significantly 
induced ROS and H2O2 in both WT and pi-cycam1 compared to the mock treatment; but the 
induction was much higher in mutants compared to WT (Figures 11A-B). Interestingly, Pi-504 
treatment did not induce ROS and H2O2 in both WT and mutants (Figures 11A-B). Three days 
after infection (dai) of A. brassicae, we found an enhanced level of H2O2 and ROS in roots 
and shoots of the mutants and WT, but the proportion of increase was much higher in mutants 
(Figures 11C-D). We also studied the expression of different ROS and H2O2 marker genes in 
the A. brassicae infected seedlings. The mRNA levels of redox regulated transcription factor1 
(RRTF1), basic helix-loop-helix (bHLH) TF, zinc finger (ZF) CCCH, apetala2/ethylene 
responsive element binding protein (AP2/EREBP), disease and stress related protein (DSR) 
and o-methyltransferase (OMT); ROS marker genes, and oxidative signal-inducible1 (OXI1) 
and dark inducible11 (DIN11); H2O2 marker genes (Rentel et al., 2004; Khandelwal et al., 
2008; Mehterov et al., 2012), were highly upregulated in mutants compared to WT 
(Supplemental Material 3). Furthermore, the enzymes involved in ROS scavenging, such as 
the Fe-superoxide dismutase1 (FSD1), Cu-superoxide dismutase2 (CSD2), ascorbate 
peroxidase1 (APX1), monodehydroascorbate reductase2 (MDAR2) and dihydroascorbate 
reductase5 (DHAR5) were downregulated in shoots of pi-cycam1 (Supplemental Material 3). 
Both the elevated H2O2/ROS levels and low ROS scavenging enzymes in mutants are 
responsible for their higher susceptibility to A. brassicae infection. We further tested the 
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sensitivity of mutants to oxidative stress induced by the catalase inhibitor, 3-aminotriazole 
(3AT) and the herbicide paraquat (PQ), agents that cause the endogenous accumulation of 
hydrogen peroxide and superoxide radicals respectively (Mehterov et al., 2012). Interestingly, 
both mutants suffered more when they were grown on MS medium amended with 3AT and 
PQ and the degree of susceptibility was more with PQ which further support our finding that 
the A. brassicae-induced burst of ROS in pi-cycam1-1 and pi-cycam1-2 makes the cells more 
toxic and weak, thereby highly susceptible to the infection (Supplemental Material 4).  
 
 
 
 
 
 
 
 
 
 
 
Figure 11. pi-cycam1 induces more 
oxidative burst. The leaves and roots of 14 
day-old seedlings of pi-cycam and WT were 
treated with Pi-504 and Ab-toxin, and ROS 
(A) and H2O2 (B) levels were measured using 
molecular probes as described in methods. 
Twelve-day old seedlings were cocultivated 
with P. indica or inoculated with 5μl spore 
suspension containing 104 to 105 cfu ml-1 as 
described in methods and ROS and H2O2 
levels were measured from the leaf (C) and 
root (D) at 2 dai using molecular probes 
Based on 3 independent experiments with 24 
seedlings in each line per experiment.  
 
 
 
Pi-504-induced [Ca
2+
]cyt elevation is upstream of RRTF1-induced ROS amplification  
[Ca
2+
]cyt and ROS signaling are the earliest events which induce plant defense responses 
during pathogen invasion or on treatment with PAMPs (Zhang et al., 2009; Torres, 2010; 
11A 11B 
11C 
11D 
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Heller and Tudzynski, 2011; Takahashi et al., 2011). [Ca
2+
]cyt elevations have been reported 
both upstream and downstream of ROS production indicating complex spatiotemporal Ca
2+
 
and ROS elevation mechanisms (Kawano and Muto, 2000; Blume et al., 2000). As RRTF1 
acts as a hub to amplify ROS production in response to A. brassicae infection and is upstream 
of oxidative burst (Kerchev et al., 2013; Matsuo et al., 2013 revision), we used RRTF1 mutant 
with reduced ROS level and its overexpressors (oe18 and oe20) which accumulate more ROS 
to the cytotoxic level (Matsuo et al., 2013 revision) to elucidate whether Pi-504-induced 
[Ca
2+
]cyt elevation is upstream of ROS induction by A. brassicae or its toxin. We crossed rrtf1, 
oe18 and oe20 with WT aequorin (pMAQ2). Interestingly, toxin-induced [Ca
2+
]cyt elevation 
did not change significantly in the F3 progenies of rrtf1xPMAQ2 and oe20xPMAQ2 crossed 
lines (Figure 12A) which clearly demonstrate that A. brassicae-toxin-induced [Ca
2+
]cyt 
elevation is upstream of ROS amplification by RRTF1. Pi-504-induced [Ca
2+
]cyt elevations are 
also not altered in the F3 progenies of crossed lines (Figure 12A). We extended our study with 
different ROS inhibitors e.g. diphenyleneiodonium (DPI), VAS2870, rotenone and N-acetly-
L-cysteine (NAC); and ROS enhancers e.g. paraquat and 3-AT; which also did not affect the 
[Ca
2+
]cyt elevation induced by Pi-504, and A. brassicae-toxin in WT plants (Figure 12B) 
which further reinstate that the [Ca
2+
]cyt elevations induced by Pi-504, and A. brassicae-toxin 
are upstream of ROS induction.   
 
Figure 12. Pi-504- and Ab-toxin-induced 
[Ca
2+
]cyt elevation are upstream of ROS 
amplification in Arabidopsis roots. Roots of 
16-18-day old F3 seedlings of different crossed 
lines WTxrrtf1, WTxoe18 and WTxoe20 were 
prepared as described in Methods, and treated 
with 50μl of Pi-504 and Ab-toxin preparation. 
The crossed lines did not show significant 
changes in the [Ca2+]cyt elevation in response to 
different stimuli tested compared to WT control 
(A). The roots of 18-day old WT seedlings were 
incubated in different ROS inhibitors and 
enhancers for 1 h, then challenged with 50μl of 
Pi-504 and Ab-toxin preparation. Different ROS 
inhibitors or enhancers did not change the 
[Ca2+]cyt levels induced by Pi-504 and Ab-toxin 
(B). Water served as control and gave 
background readings. All values represent mean 
peak ± SE of three independent experiments with 
eight replications in each experiment.  
12B 
12A 
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DISCUSSION  
 
Pi-504-induced [Ca
2+
]cyt elevation promotes growth in Arabidopsis  
Perception of signals from both beneficial fungi or/and its bMAMPs and pathogenic fungi 
or/and its PAMPs transiently increase [Ca
2+
]cyt in their host cells is an essential signaling event 
during the very early phase of plant-microbe interactions, modulating an array of growth and 
defense processes essential for the survival of plants. (Blume et al., 2000; Lecourieux et al., 
2006; Navazio et al., 2007; Vadassery et al., 2009; Ranf et al., 2012). Similarly, in different 
pathogenic interactions, PAMP-induced [Ca
2+
]cyt elevations have been reported for pep25 from 
Phytophthora sojae, flg22 from flagellated bacterium and elf18 from elongation factor Tu in 
Arabidopsis seedlings and inhibited the growth of Arabidopsis seedlings (Hu et al., 2009; 
Jeworutzki et al., 2010; Ranf et al., 2012). A trisaccharide from the growth promoting CWE of 
the beneficial root endophyte P. indica induced [Ca
2+
]cyt elevation in a dose dependent manner 
with distinct Ca
2+
 signature in their lag time, peak time, duration and shape (Figure 2A-B). The 
purified trisaccharide has a molecular mass of m/z 505.1748 (Figure 1A-B). Interestingly Pi-
504 promoted the growth of Arabidopsis and tobacco as the fungus does (Figures 3A-F). This 
result shows that growth promotion can be uncoupled from the colonization of the roots by the 
fungus although Pi-504 cannot completely mimic growth promotion induced by the fungus. 
The symbiotic interaction of P. indica with plant roots results in acquisition of more nitrogen 
by modulating N2 metabolism and phosphates uptake from the environment (Sherameti et al., 
2005; Yadav et al., 2010). In the present study, Pi-504 induces [Ca
2+
]cyt elevations and also 
promotes growth in Arabidopsis by positively modulating the genes involved in N2 metabolism 
and phosphates uptake (Figure 9).  
 
pi-cycam1-1 and pi-cycam1-2 do not induce [Ca
2+
]cyt elevations and are impaired in 
growth promotion  
Large scale screening of an EMS-mutagenized pMAQ2 M2 seedlings resulted in the isolation 
of Pi-CYCAM mutants which do not induce [Ca
2+
]cyt  elevation in response to Pi-504 (Figure 
4A and Supplemental Material 1). Interestingly, Pi-504 which does not induce [Ca
2+
]cyt  
elevation also fails to promote growth in mutants (Figures 7A-B). The response of Pi-CYCAM 
mutants to P. indica shows that the growth promotion is very much reduced (>70%) in both 
mutants compared to WT (Figures 7C-D). The growth promotion in Arabidopsis and tobacco 
seedlings by the fungus is attributed to the enhanced nitrate uptake and expression of Nia2 in 
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roots and shoots (Sherameti et al., 2005). Uptake and transport of phosphorus is also stimulated 
by the fungus in the colonized roots of maize (Yadav et al., 2010). Recently a phosphate 
transporter, PiPT from P. indica has been purified and crystalised (Pedersen et al., 2013). The 
expression studies of genes involved in nitrogen metabolism and phosphorus uptake shows that 
both Pi-504 and the fungus induce higher expression levels of Nia1 and Nia2 involved in 
nitrogen metabolism and Pht1.1 and Pht1.5 involved in phosphate uptake are upregulated in 
WT compared to pi-cycam1 (Figure 9). Moreover, different photosynthetic parameters, for 
example, ΦPSII, qP and NPQ are marginally but significantly higher in WT compared to 
mutants (Figures 8A-E). Thus, the efficiency of the photosynthetic electron transport (ΦPSII, 
qP) and the ability of heat dissipation of photochemical energy (NPQ) are impaired in the 
chloroplasts of pi-cycam1. Therefore, we propose that the Pi-504-induced [Ca
2+
]cyt elevation is 
directly involved in enhanced photosynthesis, nitrogen metabolism and phosphate uptake 
which in turn leads to growth promotion in Arabidopsis.  
 
Loss of function of Pi-CYCAM makes the mutants more sensitive to salt and oxidative 
stress and also hypersusceptible to A. brassicae infection  
[Ca
2+
]cyt is very crucial for the rapid response of plants to biotic and abiotic stress (Lecoureux 
et al., 2006; Kudla et al., 2010). In the present study, the mutants were more sensitive to salt 
and oxidative stress (Figure 10A). The crucial role of [Ca
2+
]cyt has been well demonstrated in 
the transduction of salt- (Knight et al., 1997; Klüsener et al., 2002) and oxidative- (Klüsener 
et al. 2002) stress signals in Arabidopsis. Moreover, mutants were also highly sensitive to 
paraquat and 3-aminotriazole which induces endogenous ROS and H2O2 levels respectively in 
plant cells (Supplemental Material 4). Therefore, the loss-of-function of Pi-CYCAM1 
compromises the adaptation of mutants to salt and oxidative stress conditions. Pi-CYCAM1 
mutants are also highly susceptible to A. brassicae infection and more sensitive to A. 
brassicae-toxin (Figures 10B-E). The host specific Ab-toxin preparation behaves exactly like 
the fungus as it inhibits the growth of seedlings in terms of biomass. High PDI and low 
biomass in both mutants (Figures 10C and 10E) clearly demonstrate that the Pi-CYCAM is 
very crucial for conferring resistance against pathogenic fungus. A relatively high tolerance of 
WT to A. brassicae infection and to Ab-toxin further reinstate that the [Ca
2+
]cyt elevations 
induced by Pi-504 is very much essential for the better adaptation of plants to biotic and 
abiotic stress. Moreover, Pi-504-induced [Ca
2+
]cyt elevation may be repressing the signaling 
cascades of Ab-toxin-induced [Ca
2+
]cyt elevation involved in enhanced host susceptibility to 
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the pathogens (effector triggered susceptibility). We propose that Pi-504-induced [Ca
2+
]cyt 
signaling cascade is evolutionarily conserved to have better adaptation to biotic and biotic 
stress in plants. The differential response of WT and pi-cycam1 to Ab-toxin is not seen when 
they were grown with flg22 (Figures 10D-E) even though flg22 could induce [Ca
2+
]cyt 
elevation in both WT and pi-cycam1 (data not shown). Therefore the differential response of 
WT and pi-cycam1 to abiotic and biotic stress is attributed to the loss-of-function of [Ca
2+
]cyt 
elevations induced by Pi-504. Interestingly, ‘refractory’ studies and the total inhibition of 
[Ca
2+
]cyt  elevation by saturosporine (Figures 6A-D) clearly demonstrate that Pi-504- and Ab-
toxin-induced [Ca
2+
]cyt genes have functional kinase domain(s). The total inhibition of 
[Ca
2+
]cyt  elevation by staurosporine has been shown independently in cryptogein-tobacco 
suspension culture (Lecourieux et al., 2002), Myc factor-soybean suspension culture (Navazio 
et al., 2007), CWE of P. indica-Arabidopsis root (Vadassery et al., 2009) and ergosterol-
tobacco systems (Vatsa et al., 2011).  
 
Hypersusceptibility of pi-cycam1 to A. brassicae is positively correlated to ROS 
amplification  
Ab-toxin treatment and seedling infection with the spores of A. brassicae induced high 
ROS/H2O2 levels in roots and leaves of WT and pi-cycam1, but the induction was much 
higher in both mutants (Figures 11A-D) which are highly susceptible to the fungus and 
sensitive to the toxin (Figures 10B-E). ROS is important for the recognition of pathogens and 
activation of basal defense reactions (c.f. Torres, 2010; Heller and Tudzynski, 2011). 
Necrotrophic fungi e.g. A. brassisicola, A. alternata f. sp. lycopersici and B. cinerea use these 
basal defense for the successive colonization in their hosts by producing effectors/toxins 
(Gechev et al., 2004; Govrin et al., 2006; Lenz et al., 2011 and Su’udi et al., 2011; Zhao et al., 
2013). Higher levels of H2O2/ROS production in pi-cycam1 is correlated to the loss of 
function of [Ca
2+
]cyt elevation induced by Pi-504 (Figures 11A-D). The toxin-induced Ca
2+
 
signaling cascade also induced much higher level of ROS/H2O2 in mutants compared to WT. 
Therefore, Pi-504-induced Ca
2+
 signaling cascade represses Ab-toxin-induced Ca
2+
 signaling 
cascade thereby reduces the higher level of ROS burst to a level at which ROS act as a 
signaling molecule rather than a phytotoxic compound.  
ROS with signaling functions include H2O2, singlet oxygen (
1
O2), hydroxyl radical (OH
.
) 
and superoxide anion radical (O2
.-
) (Laloi et al., 2004; Mehterov et al., 2012). We have 
checked the expression levels of ROS marker genes which are preferentially regulated by 
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H2O2, O2
.-
 and common ROS. Interestingly, all these ROS marker genes are strongly 
upregulated in both WT and pi-cycam1 seedlings infected with A. brassicae (Supplemental 
Material 3). However the induction of ROS marker genes were much higher in mutants which 
accumulated high level of ROS/H2O2 in pi-cycam1, and are hypersusceptible to A. brassicae 
infection and sensitive to its toxin (Figures 10B-E and 11A-D). Among the common ROS 
marker genes, RRTF1, bHLH, JRG1, AP2/EREBP TF and DSR are induced by abiotic and 
biotic stress in Arabidopsis (Toufighi et al., 2005; Khandelval et al., 2008; Mehterov et al., 
2012). OXI1 with serine/threonine kinase activity and protein phosphorelation is induced by 
H2O2, and is necessary for oxidative burst-mediated signaling to activate defense responses 
against pathogen infections and PAMP treatments in Arabidopsis (Rentel et al., 2004). 
However, the beneficial fungus P. indica repressed RRTF1 and OXI1, and thereby ROS/H2O2 
production in the colonized roots to promote the plant growth but did not activate defense 
responses (Camehl et al., 2011; Matsuo et al., 2013 revision). Another striking observation is 
that A. brassicae infection activates ROS accumulation by repressing ROS scavenging genes 
particularly in the mutants which are more susceptible to A. brassicae (Figures 11A-B and 
Supplemental Material 3). Interestingly, A. brassicae infection in WT induced higher levels of 
ROS scavenging genes which are localised in chloroplast (FSD1, CSD2 and DHAR5; TAIR) 
and cytoplasm (APX1, MDAR2 and DHAR5; TAIR) compared to pi-cycam1 (Supplemental 
Material 3). Therefore, it is postulated that Pi-504-induced [Ca
2+
]cyt is also involved in the 
activation of ROS scavenging genes which further reduces ROS induced by Ab-toxin and the 
fungus. This is very clear with the low level of ROS in WT treated with toxin or inoculated 
with A. brassicae (Figures 11A-D and Supplemental Material 3). Antioxidant enzymes e.g. 
superoxide dismutases, reductases and peroxidases together with antioxidants such as 
ascorbate and glutathione detoxify the ROS and stabilize the redox state in the different 
cellular compartments (Alscher et al., 2002; Asada, 2006). Taken together, loss of function of 
Pi-504-induced [Ca
2+
]cyt elevation together with toxin-induced [Ca
2+
]cyt elevation amplifies 
ROS/H2O2 generation by activating different ROS genes and repressing ROS scavenging 
enzymes to accumulate ROS to a harmful level which predisposes pi-cycam1 to higher level 
of A. brassicae infection and sensitivity to its toxin.   
 
[Ca
2+
]cyt elevation induced by Pi-504 is upstream of RRTF1-mediated ROS amplification 
Ca
2+
 fluxes and protein phosphorylation are required for the controlled generation of ROS 
(Takahashi et al., 2011) and ROS thus generated in turn activates membrane bound Ca
2+
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channels (Mori and Schroeder, 2004). Among the 10 Rboh (respiratory burst oxidase 
homolog)-NADPH oxidase genes in Arabidopsis, RbohD and RbohF are involved in defense 
responses (Marino et al., 2012). RbohD and RbohF are synergistically activated by phospho-
rylation and binding of Ca
2+
 to their hydrophilic N-terminal regions (Ogasawara et al., 2008).  
As RRTF1 acts as a hub to amplify ROS production in response to A. brassicae infection, and 
is upstream of oxidative burst (Mehterov et al., 2012; Kerchev et al., 2013; Matsuo et al., 
2013 revision), we used RRTF1 mutant and its overexpressors (oe) to elucidate whether Pi-
504- and Ab-toxin- induced [Ca
2+
]cyt elevation is upstream of ROS induction by A. brassicae 
or its toxin. Both genetic and pharmacological studies demonstrate that Pi-504- and Ab-toxin-
induced [Ca
2+
]cyt elevation did not change significantly in the F3 progenies of crossed lines 
(Figures 12A-B) which clearly demonstrate that Pi-504- and Ab-toxin-induced [Ca
2+
]cyt 
elevation is upstream of RRTF1.  
In conclusion, we could show that a trisaccharide (m/z 505.1748) from P. indica-CWE 
promotes growth of A. thaliana and tobacco as the fungus does, induces a [Ca
2+
]cyt elevation in 
Arabidopsis root  and confers resistance/tolerance to abiotic and biotic stress. The loss-of-
function of Pi-CYCAM results in no/reduced growth promotion to Pi-504 and P. indica, 
increased susceptibility to A. brassicae infection and sensitivity salt and oxidative stress. Both 
Ab-toxin treatment and A. brassicae infection results in ROS burst in Pi-CYCAM mutants to a 
phytotoxic level which further predispose the mutants to higher sensitivity to abiotic stress and 
hypersusceptibility to A. brassicae infection, whereas Pi-504-induced Ca
2+
 signaling represses 
the ROS burst by downregulating the ROS marker genes and upregulating ROS scavenging 
enzymes. Hence, Pi-504 induced [Ca
2+
]cyt elevation positively regulates the growth, and 
modulates defense in Arabidopsis.  
 
METHODS 
 
Plant material and growth  
Transgenic A. thaliana expressing cytosolic apoaequorin (Aeq
cyt
) in Col-0 background 
(pMAQ2) was a kind gift from Marc Knight (Knight et al., 1991). Mutagenesis was 
performed using 0.2 and 0.4% ethane methyl sulfonate as per the standard protocol 
(Arabidopsis: A Laboratory Manual, ISBN: 0–87969–573–0). M1 plants were harvested 
individually and mutation rate was estimated to be 1-2% based on albino or ‘chlorophyll-
sectoring’ analysis (Ranf et al., 2012). Individual M2 seeds were grown on Hoagland (HL) 
medium containing 1% agar in square plates (120X120X16mm). After stratification at 4°C for 
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48 h, plates were kept vertically to grow the roots on the surface of the medium and incubated 
for 16-18 days at 20±1°C under long day (LD) condition with light intensity 80 µmol m
-2
 sec
-1
 
(Vadassery et al., 2009; Johnson et al., 2011a).  
 
Culturing and growth conditions of P. indica and A. brassicae  
P. indica was cultured and maintained on Kaefer medium (KM), pH 6.5 as described by 
Johnson et al. (2011a). The plates were inoculated with 5 mm diameter fungal plugs and were 
kept at 22°C in the dark for 3 to 4 weeks. The fungus was also grown on KM broth for 18 
days at temperature 22°C in complete darkness on a horizontal rotating shaker at 50 rpm for 
preparing the cell wall extract (Vadassery et al., 2009; Johnson et al., 2011a). The colonizing 
efficiency of the fungus was maintained by the periodical cocultivation in Arabidopsis 
seedlings and re-isolation of the fungus from the internally colonised roots (Johnson et al., 
2011b). The pure culture of A. brassicae (FSU-3951) was obtained from Jena Microbial 
Resource Centre, FSU Jena, Germany and the fungus was grown on potato dextrose agar 
(PDA) medium (pH 6.5-6.7) at 20±1°C in a temperature controlled chamber under 12/12 h 
light/dark and 75% relative humidity for 2 weeks. To maintain the virulence of A. brassicae, 
the fungus was inoculated to Arabidopsis seedlings and re-isolated from the infected tissues 
periodically.  
 
Purification of Pi-504 from Pi-CWE  
The CWE was prepared as per the protocol of Anderson-Prouty and Albersheim (1975) with 
modifications (Vadassery et al., 2009; Johnson et al., 2011a). Pi-CWE active fractions from 
LC-18 SPE cartridge were further concentrated in speed vac, precipitated to 80% methanol 
and the supernatant was collected after centrifuging at 6000g for 5min. The supernatant was 
evaporated in speed vac, resuspended in ddH2O and further separated in Roti-Spin Mini 
having molecular weight cut off with 3 kD (Roth, Germany). The flow through (< 3 kD) was 
further concentrated in speed vac and dissolved in ddH2O. Further purification was done by 
performing HPLC with LC-18-DB column, 25cm x 4.60 mm ID (Suppelco) and then with 
HPLC Asahipak NH2P-50 4E column, 25cm x 4.6mmID (Schodex). The active fractions were 
collected by testing [Ca
2+
]cyt elevation. The highly active fractions were further pooled, 
concentrated and resuspended in ddH2O. Again the active fractions were further separated 
using UPLC columns first with Acclaim C18 Column, 250 x 2.1 mm, 2.2 μm, (Dionex) and 
finally with C18 phenyl column, 150x 2.1 mm, 1.7 µm (Phenomenex). In all HPLC and 
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UPLC separation, acetonitrile:water gradient was used as the mobile phase for 30 min run 
with a flow rate of 1 ml/min for HPLC and 0,3 ml/min for UPLC columns.   
 
Acid hydrolysis of Pi-504 
The lyophilised Pi-504 was treated with 1 N H2SO4 in a water bath at 100
0
C for 1 h and 
normalised with 1 N NaOH after cooling and tested for [Ca
2+
]cyt 
 
measurements.   
 
A. brassicae toxin preparation  
The toxin from A. brassicae culture filtrate was extracted as described earlier (Vidhyasekaran 
et al., 1997). The crude toxin was further purified by passing it through a Sephadex G100 
column and the active fractions were collected, concentrated and lyophilised. The lyophilised 
powder was resuspended in sterile H2O and further purified by passing it through a reversed 
phase Supelclean LC-18 SPE cartridge. The active fractions were collected and used as 
stimulus for [Ca
2+
]cyt measurement and growth assays. All active components were 
lyophilized and resuspended either in sterile H2O or in respective buffers to perform different 
experiments.  
 
Mutant screening by [Ca
2+
]cyt measurement 
Aequorin based luminescence measurements were done using 16 to 18-day old individual M2 
plants grown in HL medium (Vadassery et al., 2009; Johnson et al., 2011b). The transgenic 
Arabidopsis expressing cytosolic apoaequorin in Col-0 background (pMAQ2) served as 
control (Knight et al., 1991, 1997). Based on the response of seedlings to Pi-504, the putative 
M2 mutants were rescued and transferred to pots containing garden soil and vermiculite at 9:1 
(v/v) for further screening and validation. The mutant seedlings were grown in a temperature-
controlled growth chamber at 20°C under short day (SD) condition (8 h light and 16 h 
darkness) for 4 weeks followed by LD condition (16 h light and 8 h darkness) with a light 
intensity of 100 µmol m
-2
 sec
-1
 after keeping tripod and aracon tubes to maintain the purity of 
the seeds. The seeds were harvested from individual plants and again screened as described 
earlier to get the homozygote mutants.  
 
Cocultivation of P. indica with Arabidopsis seedlings 
The cocultivation experiment with P. indica was done as described in Johnson et al. (2011b, 
Method 2). Control seedlings were transfered to plates inoculated with a plaque without 
fungal hyphae. The plates were sealed and incubated under LD conditions with a light 
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intensity of 80 µmol m
-2
 sec
-1
.  
 
Preparation of A. brassicae spore suspension and inoculation to seedlings  
A. brassicae sporulates heavily in Potato Dextrose Broth (PDB; pH 6.5-6.7). Two-week old 
fungal plug (5mm diameter) was inoculated to PDB and incubated for 2 weeks as described 
earlier to sporulate heavily. To harvest the spores, the medium was drained out by filtering 
through 4 layers of sterilized nylon membrane and washed the hyphae and spores 3 times with 
sterile H2O to remove the excess medium. The spores and hyphae were gently homogenized 
after adding 50 ml of sterile H2O and filtered through four layers of sterilized nylon 
membrane to remove the mycelia and hyphae. The spore count was adjusted to 10
4
-10
5
 colony 
forming units (cfu) ml
-1 
by serial dilution or a haemocytometer for further studies. For 
uniform dispersion of spores, 1-2 drops of Tween-20 was added to 100 ml of spore 
suspension. For seedling infection, after 48 h of transferring the 12-d old seedlings to PNM 
plates (for details see Johnson et al., 2011b; c1: method2), 6 leaves in the middle whorl per 
seedling were inoculated with 5 µl of spore suspension containing 10
4
-10
5
 cfu ml
-1
.  Mock 
treatment was done with sterile H2O. The plates were sealed and incubated under LD 
conditions as described earlier. The progression of disease development determined as 
percentage disease index (PDI) at 3, 5, 7 and 10 days after inoculation (dai) of spores based 
on the number and area of leaves infected using standard disease intensity grades.  
 
Abiotic and biotic stress assays   
The surface-sterilized seeds of wild type (pMAQ2) and different homozygous [Ca
2+
]cyt 
mutants were placed on MS medium containing 0.44% MS salt, 1.3% sucrose, 0.05% MES 
and 0.8% agar (pH 5.8 with 5 N KOH). Salt and oxidative stress treatments were performed 
by adding NaCl and H2O2 respectively to the MS medium after autoclaving and cooling. WT 
and pi-cycam1 were also grown on MS medium alone or supplemented with Pi-504 or Ab-
toxin preparation, or different chemicals to the final concentration mentioned in the result 
section to study their effect. After cold treatment at 4°C for 48 h, plates were incubated at 
20°C under LD condition with a light intensity of 80 µmol m
-2
 sec
-1
 for 10-20 days depending 
on the experiments.  
 
Measurement of photosynthesis parameter  
Two-week old Arabidopsis seedlings grown on MS medium were dark-adapted at least for 20  
min and then the chlorophyll (chl) fluorescence was measured at room
 
temperature using a 
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video imaging with a pulse amplitude-modulated FluorCam 700F (Photon System 
Instruments,
 
Czech Republic). Program parameters of FluorCam were essentially
 
according to 
Wagner et al. (2008). Photosynthesis parameters; quantum yield of PSII (ΦPSII), maximum 
quantum yield of PSII (Fv/Fm), photochemical quenching (qP) and nonphotochemical 
quenching
 
(NPQ) were calculated based on Maxwell and Johnson (2000). False color images 
of the seedlings in plates were obtained as described by Wagner et al. (2008). Chl 
fluorescence images representing Fs/Fm values are shown, whereas blue represent low Fs/Fm 
values above a threshold of 0.06 and red represents high Fs/Fm values with an upper threshold 
limit of 0.17. 
 
Quantitative intracellular H2O2 and ROS measurements  
Quantitative H2O2 measurement from leaves and roots were performed using the Amplex Red 
hydrogen peroxide/peroxidase assay kit (Molecular probes, Invitrogen) according to the 
manufacturer’s instructions (http://tools.invitrogen.com/content/sfs/-manuals/ mp22188.pdf). 
Leaf bits of 0.5-1 mm width and root bits of 2-3 cm long were incubated in the reaction 
mixture for 10 min in dark at room temperature. The fluorescence intensity was quantified 
with a fluorescence microplate reader (TECAN Infinite 200 plate reader; Crailsheim, 
Germany) with excitation at 540 nm and emission at 610 nm. H2O2 was used to prepare the 
standard curve. The reaction mixture without the molecular probe and also without the 
leaf/root served as control. ROS measurements from leaves and roots were performed using 
the molecular probe, 5-(and-6)-carboxy-2′,7′-difluorodihydrofluoresceindiacetate (carboxy-
H2DFFDA) according to the manufacturer’s instructions (https://tools.invitrogen.com/-
content/sfs/ manuals /mp36103.pdf). For ROS measurement, leaf of 0.5-1 mm width and root 
of 2-3 cm length were incubated in 20 μM carboxy-H2DFFDA prepared in KRPG buffer 
consisting of 145 mM NaCl, 5.7 mM sodium phosphate, 4.86 mM KCl, 0.54 mM CaCl2, 1.22 
mM MgSO4 and 5.5 mM glucose, pH 7.35 for 30 min in dark.  The fluorescence intensity was 
quantified with a fluorescence microplate reader with excitation at 485 nm and emission at 
530 nm. The reaction mixture without the molecular probe and also without the leaf/root 
served as control.  
 
Reverse Transcription-PCR Analysis 
 
Total RNA from the treated Arabidopsis seedlings/roots/shoots were extracted using RNeasy 
Plant Mini kit with DNAse I treatment (Qiagen). cDNA was synthesised using the Omniscript 
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cDNA synthesis kit (QIAGEN) using 1 µg RNA. Semi-quantitative RT-PCR was performed 
using 1:4 fold diluted cDNA. The oligonucleotide primers were designed against the different 
genes tested (Supplemental Material 5). PCR reactions were allowed to proceed for different 
number of cycles to determine the exponential phase of amplification. Densitometric analysis 
of ethidium bromide-stained agarose gels was performed using Quantity One software (Bio-
Rad). The mRNA levels for each cDNA probe were normalized with respect to the house 
keeping gene, GAPDHC mRNA levels and also relative to WT control.  
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Running title: RRTF1 amplifies ROS formation 
 
Abstract  
 
Redox Responsive Transcription Factor1 (RRTF1) in Arabidopsis thaliana is rapidly and 
transiently upregulated by stress and redox signals. Inactivation of RRTF1 restricts and 
overexpression promotes reactive oxygen species (ROS) production in response to biotic and 
abiotic stress. oe lines are impaired in root and shoot development, light sensitive and 
susceptible to Alternaria brassicae infection. These symptoms are diminished by the 
beneficial root endophyte Piriformospora indica which reduces ROS accumulation locally in 
roots and systemically in shoots. Approximately 800 stress- redox-, ROS regulated-, ROS 
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scavenging-, defense-, cell death- and senescence-related genes are regulated by RRTF1, and 
those genes which are upregulated in all oe tissues are ROS marker genes. Many differentially 
expressed genes respond to an RRTF1-mediated change in the cellular ROS homeostasis. 
RRTF1 is co-regulated with the phylogenetically related RAP2.6, but elevated RAP2.6 levels 
do not promote ROS formation. RRTF1 mediates systemic ROS production in distal non-
stressed leaves. We conclude that the highly conserved RRTF1 rapidly, transiently and 
systemically amplifies ROS formation in response to ROS and ROS producing abiotic and 
biotic stress signals. Necrotrophs stimulate RRTF1 expression, while (hemi-)biotrophs and P. 
indica which do not induce ROS production in the host, do not affect or repress RRTF1 
expression. 
 
INTRODUCTION 
 
Plants and many other organisms constantly produce reactive oxygen species (ROS) in 
chloroplasts, mitochondria, peroxisomes and other sites of the cell because of their metabolic 
processes such as photosynthesis and respiration (Apel and Hirt, 2004). ROS production is 
particularly enhanced under environmental constrains and excess ROS production leads to the 
activation of cell death programs or senescence (Apel and Hirt, 2004; Foyer and Noctor, 
2009; Miller et al., 2010; Tripathy and Oelmüller, 2012). Antioxidant enzyme systems and 
antioxidants such as ascorbate and glutathione detoxify the ROS (Asada, 2006; Dietz et al., 
2006) and stabilize the redox poise in the different cellular compartments (cf. Asada, 2000). 
The entire cellular ROS gene network comprises more than 180 genes in Arabidopsis (Mittler 
et al., 2004; Mehterov et al. 2012).  
ROS also activate specific signaling pathways which counteract ROS-induced cell damage, 
activate responses to abiotic and biotic stresses or control developmental processes (Jaspers 
and Kangasjärvi, 2010; Swanson and Gilroy, 2010; Torres, 2010). Pathogen or herbivore 
attack (Torres, 2010), treatment of plants with pathogen-associated molecular patterns 
(PAMPs; Mersmann et al., 2010), wounding (Torres and Dangl, 2005), or abiotic stress such 
as heat (Miller et al., 2009), ozone (Vahisalu et al., 2010) or salt (Torres and Dangl, 2005) 
induce an oxidative burst, in which plasma membrane-bound NADPH oxidases (respiratory 
burst oxidase homologues, RBOHs) and cell wall peroxidases release H2O2 into the apoplast 
(Torres and Dangl, 2005). RBOHs are important for defense responses and hormonal 
signaling (Marino et al., 2012), and are synergistically activated by phosphorylation, binding 
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of Ca
2+
 to their EF hand motifs and S-nitrosylation (Ogasawara et al., 2008, Yun et al., 2011). 
Elevated ROS levels in the apoplast are toxic to microbes and play a profound role in 
mediating rapid, long-distance, cell-to-cell propagating signals by the formation of a ROS 
wave (Miller et al., 2009; Mittler et al., 2011). Other well characterized ROS-induced 
responses are closure of stomata (Wang and Song, 2008) and regulation of cell expanse (Carol 
and Dolan, 2006).  
The existence of many interconvertible ROS species makes it difficult to distinguish 
between cytotoxic and signaling events which are induced by a particular ROS. ROS with 
signaling functions are H2O2, singlet oxygen (
1
O2), hydroxyl radical (OH
.
) and superoxide 
anion radical (O2
.-
), and a given ROS and its location affect its role in signaling (Wagner et 
al., 2004; Gadjev et al., 2006; Laloi et al., 2006; Mehterov et al., 2012). Genetic 
manipulations of ROS generation / scavenging and drug applications have been used to study 
the effects of particular ROS species. 
1
O2 is preferentially synthesized in plastids (op den 
Camp et al., 2003). Paraquat treatment leads to O2
.- 
(and subsequently H2O2)
 
production by an 
electron flow from photosystem I to oxygen. Peroxisomal catalases detoxify photorespiratory 
H2O2 and CAT2-deficient plants accumulate H2O2 in the peroxisomes (Vanderauwera et al., 
2005). It is believed that ROS production in a particular cellular compartment can have 
impacts on ROS levels and signaling in other locations (Gadjev et al., 2006). 
Stress-induced ROS-activating responses have to occur rapidly, and should decay when the 
stress disappears. Here we report on RRTF1, an APETALA2/ethylene response transcription 
factor (TF) (AP2/ERF). RRTF1 expression in the nucleus is controlled by signals from the 
plastids (Khandelwal et al., 2008), induced by jasmonic acid (JA) in a COI1-dependent 
manner (Wang et al., 2008) and repressed by WRKY40, which binds to the W-box in the 
RRTF1 promoter (Pandey et al., 2010). Khandelwal et al. (2008) have shown that RRTF1 is a 
component of a core redox signaling network that includes EDS1 and WRKY33. However, 
why such diverse signals regulate RRTF1 expression and how this is related to RRTF1 
function, is not understood. We demonstrate that RRTF1 expression is rapidly and transiently 
stimulated by various ROS and ROS-generating biotic and abiotic signals, and that the protein 
amplifies ROS formation in response to these stimuli. Inactivation of RRTF1 restricts and 
overexpression promotes ROS production in response to biotic and abiotic stress signals. We 
propose that the rapid, transient and local amplification of ROS production may be crucial for 
activating the appropriate downstream responses to a stimulus.  
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RESULTS 
 
RRTF1 expression is rapidly up-regulated under stress 
To understand how RRTF1 expression is regulated we compared own data with those from 
literature and database surveys. Expression of RRTF1 was rapidly upregulated in response to 
light stress on plastids. Shifting Arabidopsis seedlings from continuous low (cLL, 30 µmol   
m
-2 
s
-1
) to high light (cHL, 200 µmol m
-2 
s
-1
) for 3 h resulted in an ~4-fold upregulation of the 
RRFT1 mRNA level in the leaves, and pretreatment of the leaves with DCMU prior to 
exposure to cHL completely prevented the induction (Supplemental Table 1A; cf. Khandelwal 
et al., 2008). The RRTF1 mRNA levels dropped rapidly when the HL-exposed seedlings were 
transferred back to LL (Supplemental Table 1B). Database search uncovered that application 
of methyl viologen, an electron donor of photosystem I, and singlet oxygen generated in the 
plastids stimulates RRTF1 expression (Toufighi et al., 2005). Therefore, different stress 
signals from the plastids control RRTF1 expression in the nucleus (cf. Khandelwal et al., 
2008). Publically available data showed also that RRTF1 is induced by abiotic stress like salt, 
drought, cold, UV-B light, heat and osmotic stress (Toufighi et al., 2005; Gadjev et al. 2006; 
Supplemental Material 1), as well as the stress-related phytohormones ABA (Matsui et al., 
2008) and JA (Wang et al., 2008). Furthermore, infection of the leaves with spores of the 
necrotrophic fungi Alternaria brassicae, Botrytis cinerea, the necrotrophic bacteria 
Pseudomonas syringae pv. tomato DC3000 and P. syringae pv. phaseolicola stimulated 
RRTF1 expression (Supplemental Material 1). We obtained similar results after application of 
the PAMPs flg22, chitin or a toxin preparation from A. brassicae to the leaves (Supplemental 
Table 1). The PAMP-induced responses were not prevented by DCMU and are therefore 
independent of the photosynthetic electron flow. In contrast to necrotrophs, the 
hemibiotrophic oomycete Phytophthora infestans and the biotrophic powdery mildew fungi 
did not stimulate or even repressed RRTF1 expression (Toufighi et al., 2005, Pandey et al., 
2010, Supplemental Material 1). Cocultivation of Arabidopsis seedlings with the beneficial 
root-colonizing endophytic fungus Piriformospora indica resulted initially in a slight increase 
in the RRTF1 mRNA levels in roots and, to a lesser extent, in shoots. After 4 days of 
cocultivation, the fungus repressed the RRTF1 mRNA level in both roots and shoots 
(Supplemental Material 1, cf. Discussion). Taken together, stress and/or redox signals from 
plastids, abiotic stress and necrotophic pathogens stimulate RRTF1 expression, while 
biotrophic and hemibiotrophic pathogens and the beneficial fungus P. indica do not affect or 
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repress RRTF1 expression. RRTF1 belongs to the subfamily B-3 of the ERF/AP2 TF family 
(http://www. Arabidopsis.org/index.jsp). The protein is highly conserved in angiosperms and 
present in the major crop plants (Supplemental Material 2). 
 
35S-RRTF1 overexpressor (oe) lines were light sensitive  
RRTF1 was expressed under the control of the 35S promoter (35S-RRTF1) in Arabidopsis and 
three T3 plants with different RRTF1 mRNA levels (oe18, oe20 and oe32) were compared to 
the wild-type (WT) and rrft1. When the seedlings were grown under continuous middle light 
(cML, 80 µmol m
-2 
s
-1
) for 10 days in Petri dishes, the RRTF1 mRNA levels in the leaves of 
the oe18, oe20 and oe32 seedlings were 7- , 13- and 20-fold higher compared to the level in 
the WT control. No RRTF1 transcripts could be detected in the knock-out line (Figure 1A).  
 
Figure 1. Characterization of 
rrtf1 and the RRTF1 
overexpressor lines oe18, oe20 
and oe32. (A) RRTF1 RNA levels 
in the leaves of 10-day old 
seedlings grown on MS medium in 
cML. The RNA level of WT 
seedlings are set as 1.0 and the 
other levels are expressed relative 
to it. The qRT-PCR products of 
RRTF1 were normalized to those 
of GAPDHC as control. Based on 
6 independent qRT-PCR experi-
ments, bars represent SEs. (B) 14-
day old rrtf1, WT, oe18, oe20 and 
oe32 seedlings which were grown 
under cLL, cML or cHL on MS 
medium. The bottom part shows 
false color images of the plates 
representing Fs/Fm values as 
described in Methods. (C) (left): 
rrtf1, WT, oe18, oe20 and oe32 
seedlings grown on Hoagland 
plates for 18 days in cML and 
(right) amended with P. indica 
spores as described in Methods. 
The numbers on the bottom of the 
plate refer to the lengths of the 
roots in cm (n=40 seedlings, values 
are means ± SEs from 4 
independent experiments). 
1A 
1B 
1C 
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The oe lines showed a strong phenotype, when grown in cML for 14 days, and symptoms of 
photoinhibition and ultimately photobleaching which increased with increasing RRTF1 
expression levels (Figure 1B). Photobleaching was lower under cLL and higher under cHL. 
After 18 days on Hoagland medium in cML in square plates, the characteristics of the 
RRTF1-dependent phenotype is even more obvious and oe32 seedlings were completely 
white. The leaves of the oe were wrinkled and narrow and the roots were shorter, again in an 
RRTF1-dependent manner (Figure 1C, left). Therefore, the photosensitivity of the seedlings 
increased with increase in RRTF1 expression and light intensity.  
The oe18 and oe20 seedlings were characterized in more detail. While oe seedlings 
performed relatively well under cLL, the chlorophyll content was reduced compared to WT 
and rrtf1 seedlings (Supplemental Material 3). Under cLL, cML and cHL, the photosynthetic 
parameters ´quantum yield of photosystem II´ (PSII) (ΦPSII), ´photochemical´ (qP), ´non-
photochemical quenching´
 
(NPQ), and ´maximum quantum yield of PSII´ (Fv/Fm) 
(Supplemental Material 3) of oe were decreased with increasing light intensity and RRTF1 
levels. Thus, the efficiency of the photosynthetic electron transport (ΦPSII, qP), the ability of 
heat dissipation of photochemical energy (NPQ), and the ratio of functional PSII to total PSII 
(Fv/Fm) was impaired by photoinhibition in the chloroplasts of oe. oe20 seedlings suffered 
more than oe18 seedlings. The rrtf1 seedlings did not show a visible phenotype under these 
growth conditions when compared to the WT seedlings (Figures 1B and C). After transfer 
from cLL to cML for 2 days, the stems and emerging young leaves of oe18 and oe20 
seedlings accumulated large amounts of anthocyanin, while rrtf1 seedlings grown under the 
same conditions accumulated less anthocyanin compared to WT (Supplemental Material 3). 
Taken together, overexpression of RRTF1 impaired photosynthesis and other plastid functions 
and induced stress responses in a light-dependent manner.  
Fourteen-day old cLL-grown WT, rrtf1, oe18, oe20 and oe32 seedlings were transferred to 
soil. Almost all oe plants died after 3-8 weeks under cML, but the oe18 and oe20 plants 
survived under long day (LD; 16 h L: 8 h D) ML and even better under short day (SD; 8 h L: 
16 h D) ML conditions (Figure 2). Moreover, the biomass and seed weights were significantly 
decreased with increasing levels of RRTF1 expression. Interestingly, the biomass and seed 
weights for rrtf1 and WT did not differ (Figure 2). Thus, the oe were sensitive to light stress 
and the survival rate increased with increasing dark incubation periods and lower RRTF1 
levels.   
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Figure 2. The RRTF1 over-
expressors survive under light-
dark cycles. Fourteen-day old WT, 
rrtf1, oe18 and oe20 seedlings, 
grown on MS medium in Petri 
dishes under cLL, were transferred 
to soil and grown under SD and 
LD conditions for 6 weeks. Almost 
all oe18 and oe20 and all oe32 
plants died in cML after 6 weeks 
on soil and are not shown. The 
picture shows representative plants 
under SD or LD conditions. The 
table gives quantitative data 
(means ± SEs) based on four 
independent experiments with 14 
plants per line in each experiment. 
The dry weights were determined 
from the completely dried plants 
after harvesting of seeds. 
 
 
35S-RRTF1 oe lines were highly susceptible to A. brassicae infections 
Since the RRTF1 mRNA level was strongly upregulated after A. brassicae infection 
(Supplemental Material 1) and treatment of the leaves with the A. brassicae toxin preparation 
(Supplemental Table 1), we tested whether overexpression of RRTF1 protected the plants 
against the pathogen. However, when WT, rrtf1, oe18 and oe20 leaves were infected with A. 
brassicae spores, the disease symptom development was much faster in oe than WT or rrtf1 
leaves (Figure 3). Quantified data based on “Percentage Disease Index” confirmed that the  
 
Figure 3. The RRTF1 overexpressors are 
highly susceptible to A. brassicae 
infections. 14-day old WT, rrtf1, oe18 and 
oe20 seedlings, grown in Petri dishes on MS 
medium under cLL, were transferred to 
sterile water-soaked Whatmann paper in Petri 
dishes, and the leaves were inoculated with 5 
μl of spore suspension (105-106 spores ml-1) 
as described in Methods. Representative 
pictures were taken at 3 or 5 days after 
inoculation (dai) from 6 independent 
experiments with 20 seedlings per line in 
each experiment. Water was used as control 
and did not show any effect.  
 
+ A. brassicae 3 dai 
- A. brassicae  3 dai 
+ A. brassicae 5 dai 
- A. brassicae 5 dai 
    WT                 rrtf1                oe18               oe20 
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disease development increased with increase of the RRTF1 expression level (Supplemental 
Material 4). Therefore, RRTF1 oe were more sensitive to abiotic (HL) and biotic (A. brassicae 
infection) stress than the WT and rrtf1. 
 
RRTF1 promoted ROS formation in leaves and roots 
We noticed that staining of the oe with 3,3´-diaminobenzidine (DAB) and nitroblue 
tetrazolium (NBT) was much stronger than WT plants (not shown). This suggested that 
RRTF1 stimulates H2O2 and ROS formation. Quantitative measurements with the Amplex 
Red reagent (Molecular Probes) confirmed that the H2O2 levels in leaves increased with 
increasing RRTF1 mRNA levels and light intensity (Figure 4A). Similar results were obtained 
with the substrate 5-(and-6)-carboxy-2´,7´-difluorodihydro-fluoresceindiacetate (carboxy-
H2DFFDA) (Molecular Probes) which determines the total ROS level (Figure 4B). In all 
studies, the rrtf1 knock-out line accumulated less H2O2/ROS than the WT (Figures 4A and B). 
The H2O2/ROS levels in dark-adapted leaves of oe seedlings were only marginally higher 
when compared to the levels in WT and rrtf1 (Figures 4A and B). This suggests that elevated 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. ROS levels in the leaves (A and B) and roots (C and D) of 14-day old rrtf1, WT, oe18, oe20 and 
oe32 seedlings. The seedlings were grown in Petri dishes on MS medium in either darkness, cLL, cML or cHL. 
The total H2O2 (A) or ROS (B) levels were determined for the leaves as described in the Methods. (C) The roots 
were stained with carboxy-H2DFFDA which determines the total ROS level for imaging. (D) Quantified data for 
H2O2 and total ROS levels in the roots is presented in the Table below. All quantified data are based on 6 
independent experiments with 20 seedlings per treatment in each line. Mean values ± SEs are given.  
 
4A 
4B 
4C 
4D 
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ROS production in the oe leaves requires stress signals, and is not caused by higher RRTF1 
expression alone. In contrast, the ROS levels in oe roots were higher irrespective of the light 
conditions (Figures 4C and D; cf. Discussion). Therefore, several independent assay systems 
showed that RRTF1 is an important mediator of stress-induced H2O2/ROS formation. 
 
P. indica protected the oe against stress by reducing the ROS level 
Since beneficial microbes including the root-colonizing endophyte P. indica (Baltruschat et 
al., 2008; Vadassery et al., 2009) stimulate antioxidant systems to counteract ROS-induced 
damage, we tested whether the stress-exposed oe perform better when the roots were 
colonized by P. indica. As shown in Figures 1C and 5A for seedlings grown under different 
conditions (Hoagland medium cML and MS medium LD ML), the roots of the oe seedlings 
cocultivated with P. indica are longer, the leaves are bigger and contain more chlorophyll and 
they are better protected against photoinhibition. P. indica also protected the oe leaves against 
A. brassicae infections and the disease development was visibly reduced and/or retarded 
(Figure 5B). Therefore, the endophyte protects the leaves of the oe lines systemically against 
abiotic (high light) and biotic (A. brassicae infection) stress. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5A 
5C 
5B 
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Figure 5. Piriformospora indica rescues the light- and A. brassicae-induced stress phenotypes of the oe lines 
by reducing H2O2/ROS accumulation in leaves and roots. (A) 14-day old rrtf1, WT, oe18, oe20 and oe32 
seedlings grown under LD ML on MS medium, either in the absence (- P. indica) or presence (+ P. indica) of P. 
indica. Representative pictures from 5 independent experiments with 10 replications in each treatment are 
shown. (B) 12-day old rrtf1, WT, oe18, oe20 and oe32 seedlings grown on MS medium under LD ML were 
transferred to sterile nylon membrane on PNM plates and each leaf was infected with 5 µl of an A. brassicae 
spore suspension (cf. Methods and Materials). Lower panels: False color images of the plates shown above 
representing Fs/Fm values as described in Methods. Representative pictures from 5 independent experiments 
with 10 replications in each treatment are shown. (C) H2O2/ROS levels in the leaves and roots of 14-day old 
rrtf1, WT, oe18, oe20 and oe32 seedlings grown under LD ML on MS medium in the absence (dark bars) or 
presence (light bars) of P. indica. Based on 5 independent experiments with 30 seedlings per treatment. Mean 
values ± SEs are given. (D) Relative mRNA levels for ROS scavenging enzymes in the leaves of seedlings which 
were treated as described under (B). For each panel, the mRNA level of WT seedlings infected with A. brassicae 
was taken as 1.0 (± SEs), and the other values are expressed relative to it. Based on 5 independent experiments 
with 30 seedlings in each line. (E) Relative RRTF1 mRNA levels in the leaves and roots of 14-day old rrtf1, WT, 
oe18, oe20 and oe32 seedlings grown under LD ML on MS medium in the absence (dark bars) or presence (light 
bars) of P. indica. Based on 4 independent experiments with 30 seedlings in each line. Mean values ± SEs are 
given. 
 
The H2O2/ROS levels in roots and shoots of P. indica-colonized rrtf1, WT and oe seedlings 
were reduced and the degree of the reduction increased with the increase in the H2O2/ROS 
levels present in the roots and shoots (Figure 5C). This was associated with the upregulation 
of the mRNA levels for ROS scavenging enzymes (Figure 5D) and the downregulation of 
RRTF1 (Figure 5E, cf. Discussion). Since the mRNA levels of ROS scavenging enzymes, 
such as the Fe-superoxide dismutase1 (FSD1), Cu-superoxide dismutase2 (CSD2), 
monodehydroascorbate reductase2 (MDAR2), dihydroascorbate reductase5 (DHAR5) and 
ascorbate peroxidase1 (APX1) were not only upregulated in roots (not shown) but also in 
5E 
5D 
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shoots of P. indica-treated seedlings, the endophyte protected the aerial parts systemically 
against photoinhibition (Figures 1C and 5A) and disease development (Figure 5B). Better 
performance of P. indica-treated oe seedlings further supports the conclusion that elevated 
H2O2/ROS levels are responsible for the higher stress sensitivity of the oe lines. 
 
RRTF1 regulates stress-, senescence- cell death-, defense- and ROS-related genes in 
adult plants 
Under SD ML, the young oe18 and oe20 plants performed quite well. Although their leaves 
were slightly smaller than WT leaves after transfer to soil for 4 weeks (Supplemental Material 
5), they did not show visible symptoms of photodamage and the photosynthetic parameters 
did not differ significantly from those of WT (data not shown). The ROS levels in oe18 leaves 
were 1.6 ± 0.4-times and those in oe20 leaves were 2.1 ± 0,6-times (n=6) higher than in WT 
leaves. A comparative transcriptome analysis of oe18 and WT leaves from three independent 
experiments was performed. Compared to WT, 588 genes were upregulated and 231 genes 
downregulated at least 2-fold in oe18 leaves (Supplemental Material 6A). Categorization of 
the RRTF1-regulated genes using the Mapman software revealed that most of them code for 
TFs (19 for APETALA2/ET-responsive element binding proteins (AP2/EREBP); 19 for MYB 
and 12 for WRKY TFs, 10 for basic helix-loop-helix family members; Supplemental Material 
6B). Genes for defense- and stress-related proteins, senescence and cell death proteins and 
redox regulators were also regulated in oe18 leaves. In all categories, genes with ROS-related 
functions were present (cf. Discussion). For a few genes the microarray results were 
confirmed by real-time and qRT-PCR analyses (Figure 6). The results confirmed the 
microarray data and supported the concept that RRTF1-mediated elevation of the ROS level 
in the oe18 leaves was responsible for the regulation of these genes (cf. Discussion). 
Based on studies by Vanderauwera et al. (2005), Gadjev et al. (2006) and Mehterov et al. 
(2012), the ROS regulated genes can be classified as those preferentially regulated by H2O2, 
O2
.-
, 
1
O2 or as common ROS marker genes. To test whether specific ROS marker genes were 
regulated in oe18, the published microarray data were compared with our data sets 
(Supplemental Material 7). In oe18 leaves, 4 of the 53 H2O2, 3 of the 18 O2
.-
, 6 of the 22 
1
O2 
and 17 of the 87 common ROS marker genes were upregulated. Only one H2O2 and two 
common ROS marker genes were downregulated in oe18 leaves relative to WT control. 
Therefore, no obvious preference for any of the ROS species could be detected among the 
ROS regulated genes in the oe line. 
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 Transcriptome analyses of shoots and roots of rrtf1, WT and oe18 seedlings grown 
under short day LL  
The elevated ROS level in the leaves over a period of 4 weeks might cause severe alterations 
in developmental processes and thus gene expression. To identify more direct RRTF1 target 
genes we compared the expression profiles of the shoots and roots of young oe18 and rrtf1 
seedlings with WT controls, and with the expression profiles from the mature oe18 leaves 
(Supplemental Material 6). To minimize photodamaging effects, the seedlings were grown 
under SD LL condition for 12 days (Supplemental Material 5). The original data and initial 
analysis are presented in Supplemental Material 8. The overall analysis supports the 
conclusion from the adult plants that ROS-regulated genes are upregulated in oe18 seedlings 
(cf. Discussion). Also similar to the results obtained for the adult leaves, we could not detect 
any preference for genes responding to a particular ROS species in the cotyledons or roots.  
.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Genes which are differentially regulated in the leaves of WT and oe18 plants. The plants were 
grown under SD cML conditions on soil for 4 weeks. The pictures show typical RT-PCR images. Quantified data 
based on 6 independent qRT-PCR analyses are given below. The values represent fold change of the oe18 mRNA 
level relative to the WT control. SEs are the sum of the individual SEs. GAPDHC served as housekeeping gene. 
 
However, when the expression profiles of the leaves from adult plants were compared with 
those from the cotyledons and roots of the seedlings, little overlap could be detected (Figure 7 
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and Supplemental Table 2). This might be caused by developmental or organ differences, or 
by the fact that the younger material was not exposed to elevated ROS levels over a longer 
period. Only 11 genes were upregulated in all three oe18 tissues, but they are all classified as 
ROS marker genes (Figure 7 and Supplemental Table 2). Thirty-one genes were upregulated 
in oe18 leaves and oe18 cotyledons and 25 of them were classified as ROS marker genes 
(Supplemental Table 2 and Supplemental Material 9). Among the genes which are upregulated 
in oe18 roots was OXI1 (Supplemental Material 9) which codes for a well-characterized 
kinase regulated by H2O2 (Rentel et al., 2004). Overall, from 41 genes upregulated in more 
than one oe18 tissue, 31 are associated with ROS functions (Figure 7, Supplemental Table 2 
and Supplemental Material 9). The list includes genes for H2O2 producing enzymes such as 
myo-inositol oxygenase (At2g19800), peroxidases (At2g37130, At5g64120) and a diphenol 
oxidase (At5g01040/At5g01050), the dehydrogenase At3g30775 which is localised in the 
inner membrane of mitochondria (Funck et al., 2010), At1g63040 and At2g21650, two 
chloroplast regulated nuclear localized TFs (Balazadeh et al., 2012), At4gg13660, At4g34230, 
At5g13930 and At5g05600 involved in flavanoid and phenylpropanoid biosynthesis (Kimura 
et al., 2003, Nakatsubo et al., 2008, Bohmer and Schroeder 2011, Fujita et al., 2012) and 
At3g48520, a negative regulator of the JA signaling cascade (Heitz et al., 2012). None of the 
genes which are downregulated in more than one oe18 tissue is classified as ROS marker gene 
(Figure 7). 
The number of RRTF1-responsive genes in the cotyledons was higher than that in the roots 
(Supplemental Material 8). Interestingly, the majority of the genes which were up- (down-) 
regulated in oe18 cotyledons or roots were also up- (down-) regulated in rrtf1 cotyledons or 
roots relative to the WT control (Supplemental Material 8). Apparently, their expression was 
not directly regulated by the amount of RRTF1 present in the insertion, WT and 
overexpression lines (cf. Discussion). Only two genes were > 2-fold upregulated in oe18 
cotyledons and roots and > 2-fold downregulated in rrtf1 cotyledons and roots: RAP2.6 
(At1g43160) and the gene for a leucoanthocyanin dioxygenase (At3g55970). In summary, the 
comparative expression profile analyses confirmed that many well-known ROS responsive 
genes involved in quite different ROS responses are regulated in the leaves, cotyledons and 
roots of the rrtf1. We could not detect any specificity for a particular ROS species. The data 
suggest that the regulated genes respond to RRTF1-induced cellular changes, likely associated 
with the ROS homeostasis (cf. Discussion).  
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Figure 7. ROS-regulated genes are upregulated in oe. Venn diagram of the number of genes differentially 
expressed (upregulated (left), downregulated (right)) in oe18 leaves of adult plants, oe18 cotyledons and oe18 
roots of seedlings, relative to the wild-type controls. For genes which are upregulated in more than one organ, 
the numbers in brackets refer to those with ROS related functions. They are presented in Supplemental Table 2. 
None of the genes which are downregulated in more than one organ shows ROS related functions. 
 
RRTF1 and RAP2.6 
The similar regulation of RRTF1 and RAP2.6 in our expression profiles (Supplemental 
Material 8), the close phylogenetic relationship of the two AP2/EREBP TFs (Dietz et al., 
2010, Nakano et al. 2006), the observations that both are responsive to the same stress 
hormones and abiotic stresses, and that their oe lines are smaller under greenhouse conditions 
and light sensitive (Krishnaswamy et al., 2011), prompted us to test whether both proteins 
have similar or related functions. When seedlings overexpressing either RRTF1 or RAP2.6 
were grown under identical conditions, the RRTF1 oe lines were more light-sensitive than the 
RAP2.6 oe lines (Figure 8A). Furthermore, we did not detect elevated H2O2 or ROS levels in 
the RAP2.6 oe lines (Figure 8B). Finally, the RAP2.6 mRNA level increased with increase in 
RRTF1 overexpression, but the RRTF1 mRNA level did not increase with increase in RAP2.6 
overexpression (Supplemental Material 10). However, the RRTF1 mRNA level was strongly 
upregulated in the rap2.6 insertion line in roots and in particular in shoots (Supplemental 
Material 10). This suggests that RRTF1 expression is either upregulated to compensate for the 
loss of RAP2.6 expression, or rap2.6 plants are stressed and therefore upregulate RRTF1 
expression. These results demonstrate that RRTF1 and not RAP2.6 is responsible for ROS 
amplification. 
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Figure 8. Comparison of RRTF1 and RAP2.6 overexpressor lines. (A) WT, RRTF1 (oe18, oe20, oe32) and 
RAP2.6 (A6, A39 and A2) oe lines were grown for 10 days under cLL before transfer to cML for 5 days. (B) 
Roots and shoots of these seedlings were harvested separately for H2O2/ROS determination as described in 
Methods. The data are means of 5 independent experiments with 40 seedlings in each line, bars represent SEs. 
A6, A39 and A2 are in the Wasilewski (Ws) background and Ws WT was used as control. 
 
RRTF1 is involved in systemic ROS production 
Arabidopsis WT and rrtf1 plants were grown on soil for 4 weeks under SD ML conditions, 
before half parts of the plant were exposed to cHL, the other parts were covered with 
aluminum foil (Supplemental Material 11). After 3 and 6 days, we observed a systemic, ~4-
fold upregulation of the RRTF1 mRNA in the distal, shaded leaves of WT plants 
(Supplemental Table 3). Also the ROS level increased ~2-3-fold in the shade-exposed leaves 
of WT plants. For rrtf1 plants, the ROS level in the distal leaves increased ~10 (Supplemental 
Table 3). When RRTF1-responsive genes (Myb122, CML38, PDF1.2, WRKY40, cf. Figure 6) 
were analysed 3 days after exposure of the plants to cHL, they were significantly upregulated 
in the shaded leaves of WT, but not rrtf1 plants (Supplemental Table 3). After 18 days, the 
number of leaves with severe visible lesions in photosynthesis and chlorophyll accumulation 
in the shaded areas was 6 times higher in WT than in rrtf1 plants (Supplemental Table 3). The 
ROS level in the shaded WT leaves was twice as high as the level in the shaded rrtf1 leaves 
(Supplemental Table 3). When senescence-associated ROS-regulated genes (SEN1, SRG1, 
SAG21) and the stress-related chalcone synthase (CHS) gene were analysed, none of them 
were significantly upregulated in shaded leaves of rrtf1 leaves, while they were significantly 
higher in the shaded leaves of WT leaves (Supplemental Table 3). These findings suggest that 
RRTF1 participates in the systemic regulation of ROS accumulation. 
 
 
8A 8B 
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DISCUSSION 
 
RRTF1 amplifies ROS formation 
We demonstrate that the highly conserved RRTF1 (Supplemental Material 2) is rapidly and 
transiently (Supplemental Table 1B) upregulated in response to abiotic (HL) and biotic (A. 
brassicae infection) H2O2/ROS-inducing stresses. Database search also demonstrates that 
various ROS-inducing abiotic stresses (Jaspers and Kangasjärvi, 2010), ozone which 
promotes apoplastic H2O2 formation (Vahisalu et al., 2010; Wrzaczek et al., 2010), 
necrotrophic fungi (Supplemental Table 1, Supplemental Material 1) which generate H2O2 
(Heller and Tudzynski, 2011), PAMPs such as flg22 and chitin which generate O2
.-
 and 
subsequently H2O2 (Nürnberger et al., 1994; Lamb and Dixon, 1997) and the stress-related 
and ROS-inducing phytohormones JA and ABA (Matsui et al., 2008; Wang et al., 2008) 
stimulate RRTF1 expression. High RRTF1 mRNA levels are detectable in flu mutant in the 
light which accumulates 
1
O2 in plastids (op den Camp et al., 2003, Gadjev et al., 2006), in 
mutants which accumulate ROS due to genetic manipulation of ROS scavenging systems in 
plastids, mitochondria, peroxisomes or the cytosol (Gadjev et al., 2006; Balazadeh et al., 
2012; Mehterov et al., 2012), and in the JUNGBRUNNEN1 oe, which accumulates H2O2 due 
to the overexpression of a H2O2-inducible NAC TF (Wu et al., 2012). Thus, RRTF1 is induced 
by different types of ROS from different cellular compartments. ROS are signaling molecules 
for cell-to-cell communication, and RRTF1 participates in systemic responses to various 
stress signals (Supplemental Table 3; Rossel et al., 2007; Miller et al., 2009). We propose that 
RRTF1 amplifies ROS formation and thus ROS signaling in response to ROS-generating 
stress (Figure 9). This also spreads the ROS signal systemically and activates stress responses 
in distal not yet stress exposed areas. WRKY40 is a repressor of RRTF1 (Pandey et al., 2010) 
and may be involved in the rapid downregulation of RRTF1 expression if a stress disappears 
(Supplemental Table 1B). WRKY40 and other WRKY genes are also upregulated in oe18 plants 
(Figure 6), which suggests that stressed and ROS-accumulating plants try to restrict RRTF1 
expression and thus ROS production via a feedback loop to prevent excess ROS formation 
(cf. Figures 6 and 9). 
The stress-sensitivity of oe (light: Figures 1B, 1C left, 2 and 5A left, A. brassicae infection; 
Figures 3 and 5B) clearly demonstrates that control of RRTF1 expression is important for the 
plants, since the oe accumulate harmful amounts of ROS even when exposed to mild stress 
conditions (Figures 4A and B). ROS accumulation in the oe lines occurs in the light and not or 
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to a lesser extent in the dark (Figures 4A and 6B). Thus, elevated RRTF1 expression per se 
does not lead to higher ROS levels and the TF must be post-transcriptionally activated to 
generate ROS. The insertion line performs better than the WT, which suggests that ROS 
amplification is not always required to counteract stress. However, rapid and transient 
establishment of local ROS maxima under extreme stress such as high light (600 µmol m
-2 
s
-1
; 
Khandelwal et al., 2008) may require RRTF1 to activate appropriate stress responses.  
 
RRTF1-regulated genes 
To identify target genes of RRTF1, we compared several microarray sets (oe18 vs. WT adult 
leaves; oe18 vs. WT vs. rrtf1 cotyledons; oe18 vs. WT vs. rrtf1 roots). The analysis did not 
discover any specificity/preference for one of the bioactive ROS species (Supplemental 
Material 7-2) or for a cellular compartment of the protein (Supplemental Materials 6B-2 and 
8-2; cf. Gadjev et al., 2006; Wrzaczek et al., 2010). All datasets identified genes which are 
directly or indirectly regulated by H2O2/ROS. Depending on the organ, tissue, the develop-
mental stage and age of the plant material, the genes are involved in different ROS-regulated 
processes. ROS inducing-, stress- and defense-related genes are preferentially upregulated in 
the oe18 cotyledons and roots (Supplemental Table 2, Supplemental Materials 8-2 and 9).  
 
 
 
 
Figure 9. A model describing 
the role of RRTF1 in ROS 
amplification. Black arrows 
show ROS-generating stimuli 
which trigger RRTF1 
expression; red lines show 
stimuli which repress RRTF1 
expression. 
 
 
 
 
In the leaves of adult oe18 plants, senescence and cell death associated genes are also 
upregulated (Figure 6 and Supplemental Material 6B-2). Genes for C2H2, zinc finger, 
AP2/ERF, Myb and WRKY TFs are the most dominant class of regulated genes. Zat10 
(At1g27730), a C2H2 zinc finger TF, increases the resistance to photooxidative stress (Rossel 
Manuscript V 
 
 
 - 119 - 
 
et al., 2007). RAP2.6 (At1g43160), an AP2/EREBP TF which is phylogenetically related to 
RRTF1 (Nakano et al., 2006; Dietz et al., 2010), participates in ABA, salt, drought and 
osmotic stress responses and is responsive to JA, SA, ABA and ET (Zhu et al., 2010; 
Krishnaswamy et al., 2011). RRTF1 and RAP2.6 are part of an AP2/EREBP-linked gene 
network which coordinates the plant response to redox changes, organelle to nucleus 
retrograde signals and various stresses (Dietz et al., 2010). Six (DREB-21910, DREB-77640, 
TEM1, RAP2-4b, RAP2.6 and RAP2.8) of the proposed 21 network members are 
differentially regulated in oe18. ROS, in particular 
1
O2, play a crucial role in plastid-to-
nucleus signaling (Galvez-Valdivieso and Mullineaux, 2010). The integration of the plastid-
derived ROS signals with those from various other stress-induced ROS signals through the 
amplification by RRTF1 suggests that there might be an intensive crosstalk. 
Several of the identified MYB genes function in stress or defense responses, are related to 
ROS signaling and protect plastids from stress and photodamage (Saibo et al., 2009). 
MYB28, MYB29 and MYB76 are regulators of aliphatic glucosinolates (Sønderby et al., 
2010) and MYB59 which is repressed by H2O2 to promote root hair growth (Mu et al., 2009) 
is downregulated in oe18. The regulated WRKY genes are involved in hormone-induced biotic 
and abiotic responses or related to ROS functions including cell death programs. WRKY40 
binds to the W-box in the promoter of RRTF1 to repress many genes involved in plant defense 
(Pandey et al., 2010). Stimulation of WRKY40 in oe18 (Figure 6) may indicate that RRTF1 
controls the expression of its own repressor via ROS. WRKY18, WRKY40 and WRKY60 are 
induced in responses to ABA, abiotic stress (Chen et al., 2010) and microbial pathogens (Xu 
et al., 2006). H2O2-regulated WRKY53 and WRKY6 control defense and leaf senescence 
(Miao and Zentgraf, 2010; Robatzek and Somssich, 2001). This confirms that RRTF1 
interferes with the regulatory circuits of the WRKY TFs (cf. Khandelwal et al., 2008; Pandey 
et al., 2010; Figure 6, Supplemental Materials 6B-2 and 8-2). Finally, the JA- and ET-
regulated PDF1.2 but not the SA-regulated PR-2 was induced in the oe (Figure 6). Therefore, 
RRTF1 appears to be more involved in JA/ET- than in SA-mediated stress responses.  
Genes for major ROS producers such as the plasma membrane-localized NADPH 
oxidases, apoplastic peroxidases, peroxisomal glycolate oxidases and the components of the 
photosynthetic electron transport chain were not upregulated, and  some genes for the 
mitochondrial respiration (e.g. β and γ subunits of ATP synthase, cf. Supplemental Material 
6B-2) were even downregulated in oe18 compared to the WT leaves. From ~150 genes for 
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components of the ROS scavenging network (Mittler et al., 2004), 17 are regulated in oe18 
leaves, and seven of them code for members of the glutaredoxin gene family (cf. below; 
Supplemental Material 6B-2). They are located in chloroplasts/mitochondria (At1g03850, 
At5g11930), the cytosol (At4g33040, At362930), and the apoplast (At4g15700, At3g62950, 
At2g47880). Glutarredoxins in the different cellular compartments together with a 
cytoplasmic (At1g45145) and a plastid-localized (At5g61440) thioredoxin and the ascorbate-
synthesizing VTC2 protein are involved in redox regulation (Rouhier 2010). Apparently, the 
elevated ROS level in oe18 induces preferentially gluthatione-sensitive glutaredoxin genes 
and also other genes involved in redox regulation, e.g. for dehydroascorbate reductase 2, 
ascorbate oxidase, vitamin c defective 2, the iron superoxide dismutase 3 and two 
thioredoxins (Supplemental Materials 6B-2 and 8-2).  
In addition, several senescence- and programmed cell death associated genes such as SEN1 
or SRG1 are constitutively upregulated in oe18 (Figure 6 and Supplemental Material 6B-2). 
Interestingly, OXI1 which has been identified as a H2O2-inducible serine kinase gene (Rentel 
et al., 2004) is induced in oe18 and slightly repressed in rrtf1 roots. Taken together, many 
RRTF1-regulated genes are directly or indirectly related to ROS function or homeostasis. 
Upregulation of genes involved in pathogen defense in shaded distal leaves of cHL-exposed 
plants suggests that part of the produced ROS is released into the apoplast. How they are 
perceived is unknown at present. We found that CRK11 which encodes a cysteine-rich 
receptor-like kinase in the plasma membrane is upregulated in oe18. CRK11 is also regulated 
in response to ROS, PAMPs, light stress and ozone, which is ultimately converted to H2O2 in 
the apoplast (Wrzaczek et al. 2010, and references therein). Therefore, CRK11 may be a 
candidate to sense ROS through redox modification in its extracellular domain. 
The vast majority of the genes is up- (down-) regulated in the microarrays irrespective of 
whether RRTF1 is inactivated (rrtf1) or overexpressed (oe18) (Supplemental Material 8-2) are 
not direct targets of RRTF1. This becomes obvious by comparing the expression profiles of 
rrtf1 cotyledons (roots) with oe18 cotyledons (roots) relative to the WT controls. This 
suggests that the identified genes respond to downstream events which are induced by 
alterations in RRTF1 levels. Likewise comparison of young cotyledons and adult plants do 
not show much overlap in the regulated genes. This suggests that long-term accumulation of 
RRTF1 in the leaves leads to developmental alterations due to constitutively high ROS levels. 
RAP2.6 provides an interesting exception: RAP2.6 is one of two genes which is upregulated in 
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the roots and shoots of oe18 and downregulated in roots and shoots of rrtf1. Therefore, these 
genes are either directly regulated by RRTF1 or co-regulated with RRTF1. RRTF1 and 
RAP2.6 are phylogenetically related and their expression is regulated by stress signals and 
stress hormones (Nakano et al., 2006, Dietz et al., 2010; Krishnaswamy et al., 2011). oe for 
both genes have a dwarf phenotype (Figure 2; Krishnaswamy et al., 2011) and flower earlier 
in the greenhouse, and young leaves are often wrinkled. To check the relation between the 
two TFs, we grew RAP2.6 oe (Krishnaswamy et al., 2011) under the same conditions as 
RRTF1 oe. Figure 8A demonstrates that only the RRTF1, but not the RAP2.6 oe show a 
bleached phenotype. Furthermore, the RAP2.6 oe lines did not accumulate higher ROS levels 
(Figure 8B). This suggests that RAP2.6 alone does not control ROS accumulation. 
 
RRTF1 regulation by necrotrophic, biotrophic and beneficial microbes 
Database analyses (Supplemental Material 1) and infection studies with A. brassicae and P. 
indica (Figure 5E, Supplemental Table 1 and Supplemental Material 1) support the concept 
that necrotrophs stimulate RRTF1 expression and thus ROS production, while biotrophs and 
beneficial microbes, which live and propagate in living host cells, either do not activate or 
repress RRTF1 expression. Interestingly, cocultivation of Arabidopsis with P. indica results in 
an initial upregulation of the RRTF1 mRNA level, while the message level is downregulated 
during later stages of the symbiosis (Supplemental Material 1). Likewise, during early stages 
of mycorrizha formation, H2O2 is produced and this production declines as soon as a 
mutualistic interaction has been established (Fester and Hause, 2005). Regulation of RRTF1 
in P. indica-colonized plants occurs in roots and leaves (Figure 5E) indicating a systemic 
effect of the fungus on RRTF1 expression. The RRTF1 promoter contains more than 10 W 
boxes (Pandey et al., 2010) which are putative binding sites of WRKY TFs (Yamasaki et al., 
2012), and Pandey et al. (2010) have demonstrated that WRKY40 represses RRTF1 
expression by binding to its promoter. WRKY18, WRKY33, WRKY40 and WRKY60 are 
induced in response to H2O2/ROS and H2O2/ROS generating agents 
(https://www.genevestigator.com, and references therein). WRKY18 and -40 act in a 
feedback repression system controlling basal defense in Arabidopsis against powdery mildew 
infection (Pandey et al., 2010). The transcript levels of WRKY18, -33, -40 and -60 are also 
upregulated in oe18 (Figure 6, Supplemental Materials 6B-2 and 8-2). This suggests that 
RRTF1 expression is controlled by a feedback regulation, in which excess H2O2/ROS 
represses RRTF1 via WRKY TFs (Figure 9). Consistent with this idea, the biotrophic 
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pathogen G. orontii stimulates WRKY40 expression to repress RRTF1 transcription (Pandey et 
al., 2010) and thus excess ROS formation. We propose a model, in which ROS-generating 
stimuli such as necrotrophs, abiotic stress or cell-to-cell communication signals stimulate 
RRTF1 expression. This results in the amplification of ROS generation. RRTF1 activates 
WRKY40 and other WRKY TFs which repress RRTF1 expression and thus prevent excess 
ROS formation. Biotrophic and mutualistic microbes repress RRTF1 expression either 
directly or via the activation of a WRKY repressor (Figure 9). Another interesting observation 
is that P. indica actively represses ROS accumulation by activating ROS scavenging genes. 
This is particularly striking for the oe lines. Figures 1C, 5A and 5B demonstrate that stress-
exposed oe lines can better survive in the presence of P. indica, and this is associated with a 
strong reduction of the ROS level and the activation of the ROS scavenging genes (Figures 
5C and D). The slight reduction of ROS level in the stress-exposed rrtf1 in the presence of P. 
indica demonstrates that some reduction of ROS also occurs independently of RRTF1 (Figure 
5C). In colonized WT, the lower ROS level is mediated by the activation of ROS scavenging 
systems and the downregulation of RRTF1 (Figure 5E, Supplemental Material 1). Therefore, 
better performance of stress exposed plants by P. indica is caused by two strategies: 
repression of ROS accumulation by activating ROS scavenging systems and repressing 
RRTF1 expression (Figure 9).  
In summary, we demonstrate that RRTF1 amplifies ROS production in response to biotic 
and abiotic stress signals. This might be important for a rapid and transient establishment of 
local ROS maxima to induce appropriate downstream responses. Constitutive upregulation of 
RRTF1 expression has severe consequences since even minor stress induces ROS levels 
which are harmful for the oe. The tight regulation of RRTF1 suggests that the TF is important 
in controlling ROS formation. How a TF can control H2O2/ROS levels remains unknown, 
however, the nuclear location (not shown), domain structure (Supplemental Material 2), 
putative DNA-binding domains and putative interaction partners of RRTF1 suggest that this 
process is initiated at a transcriptional level.  
 
METHODS  
 
Plant material and growth 
Arabidopsis thaliana Col-0 (for Fig. 10B, Ws) was used as WT control. The T-DNA-inserted 
RRTF1 knockout mutant (SALK_150614) was obtained from NASC (http://arabidopsis.info/). 
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Homozygote RRTF1 knockout plant was identified by PCR with gene specific primers 
(LP_SALK_150622: 5’-CGCGATGCTTTGTAGGAGTAG-3’, RP_SALK_150622: 5’-
TGTCAGGGTTTTTCCAGTGAC-3’) and T-DNA left border primer Lba1 (5’-
TGGTTCACGTAGTGGGCCATCG-3’). The seedlings were grown on MS medium with 
1.37% sucrose (except for the Results in Table 1A and 1B, where sucrose was omitted) under 
cLL; 30 µmol m
-2
s
-1
, cML; 80 µmol m
-2
s
-1
 or cHL; 200 µmol m
-2
s
-1
 at 20˚C. Alternatively, 
growth occurred under SD or LD conditions in combination with the three different light 
intensities. For long-term experiments (18 days) in plates and root analyses, the seedlings 
were grown on Hoagland medium in square plates and vertical orientation. For experiments 
on soil, 14-day old seedlings grown on MS in cLL were transferred to pots containing garden 
soil and vermiculite (9:1; v/v) and cultivated under the given light regimes at 20°C, as 
outlined in the text or figure legends. Immediately after budding, tripod aracon tubes were 
placed on every plant to synchronize growth of the individual plants and to prevent cross 
pollination. After complete drying of the plants, seeds were harvested and the biomass was 
determined.  
 
Experiments with P. indica 
P. indica was cultured on Kaefer medium as described in Johnson et al. (2011). The 
cocultivation experiment with P. indica was done as described in Johnson et al. (2011, Method 
2). Control seedlings were transfered to plates inoculated with a plaque without fungal 
hyphae. Plates were incubated at 20°C under the light regimes described in the text or figure 
legend. Spores of P. indica were harvested from 4-week old fungal plates and resuspended in 
sterile water at a concentation of 10
6
-10
7
 ml
-1
. One ml of spore suspension was added to 1 l of 
MS or Hoagland media.  
 
Experiments with A. brassicae 
A. brassicae (FSU-3951, Jena Microbial Resource Center) was grown on PDA medium (pH 
6.5) at 22°C, 12/12 h light/dark and 75% relative humidity in a temperature controlled growth 
chamber. After two weeks, the dense fungal mycelium sporulated heavily. The medium was 
removed by filtering through 4 layers of sterilized nylon membrane, and the mycelium with 
spores was washed 3 times with sterile H2O. The spores and mycelia were gently resuspended 
in 100 ml of sterile H2O and filtered through four layers of sterilized nylon membrane to 
remove the mycelia and hyphae. The spore density was adjusted to 10
5
-10
6
 ml
-1
, either by 
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serial dilution or a Haemocytometer. For leaf infection, 14-day old seedlings were transferred 
to fresh PNM plates with a sterilized nylon membrane and incubated at 20°C under LD ML 
conditions (for details see Johnson et al., 2011). After 48 h, 5 μl of the spore suspension was 
inoculated on to 6 leaves in the middle whorl per seedling and were incubated in a 
temperature controlled growth chamber as described earlier. After 3-7 days, progression of 
disease development was quantified as Percentage Disease Index (PDI) using standard disease 
intensity grades based on the number and area of leaves infected.  
The competitive experiments with P. indica and A. brassicae on Arabidopsis seedlings 
were performed by cocultivating the roots with P. indica and inoculating the leaves with A. 
brassicae spores 48 h later. A. thaliana was cocultivated with P. indica on modified PNM 
medium as described in Johnson et al. (2011).  After 48 h of cocultivation, the upper 6 leaves 
are inoculated with 5 μl of A. brassicae spore suspension (105-106 spores ml-1) and incubated 
as described earlier. The seedlings not treated with P. indica but inoculated with A. brassicae 
served as control. The toxin from A. brassicae was prepared according to Vidyasekaran et al. 
(1997). The toxin was further concentrated, lyophilised and resuspended in sterile H2O.  
 
Plasmid construction and plant transformation 
For the RRTF1 (At4g34410) oe construct p35S-RRTF1, the RRTF1 coding region was 
amplified from RRTF1 cDNA clone (DKLAT4G34410), obtained from Arabidopsis 
Biological Resource Center (http://www.biosci.ohio-state.edu/~plantbio/Facilities/abrc 
/abrchome.htm). The PCR product was cloned into pCR®8/GW/TOPO® TA vector 
(Invitrogen), and then the insert was integrated into a binary vector, pB2GW7 containing 
CaMV 35S promoter, using Gateway LR recombination reaction system (Invitrogen). p35S-
RRTF1 was transformed into Arabidopsis Col-0 via Agrobacterium tumefaciens strain 
GV3101 with floral-dip method. T1 plants were selected by spraying 1-2 weeks old seedlings 
with 0.1% BASTA (Bayer, Germany). T2- and T3-plant resistant to DL-phosphinothricin (50 
µM) (Sigma-Aldrich) on MS medium plate were used for physiological experiments. 
 
RNA analyses 
Total RNA was isolated from shoot and roots with the RNeasy Plant Mini Kit (Qiagen). 
cDNA was synthesized from 1 µg total RNA with Omniscript RT Kit (Qiagen) and oligo 
(dT)20 in 20 µl reaction volume. Semi-quantitative and quantitative real-time PCR were done 
with gene specific primers (Supplemental Material 12). Real-time quantitative RT-PCR was 
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performed using the iCycler iQ real-time PCR detection system and iCycler software version 
2.2 (Bio-Rad). For the amplification of the PCR products, iQ SYBR Supermix (Bio-Rad) was 
used according to the manufacturer´s instructions in a final volume of 23 µl. The iCycler was 
programmed to 95°C 2 min, 35× (95°C 30 s, 55°C 40 s, 72°C 45 s), 72°C 10 min followed by 
a melting curve programme (55–95°C in increasing steps of 0.5°C). All reactions were 
repeated twice. The mRNA levels for each cDNA probe were normalized with respect to the 
GAPDHC message levels. Fold induction values were calculated with the ΔΔCP equation of 
Pfaffl (2001). The ratio of a target gene was calculated in the treated sample versus the 
untreated control in comparison to a reference gene. 
 
Microarray analysis 
Total RNA was isolated from mature leaves on soil under SD ML or cotyledons of seedlings 
grown on MS under SD LL and the microarray hybridization was performed with the 
Arabidopsis Genome Array ATH1 (Affymetrix, USA) at the Kompetenz zentrum für 
Fluoreszente Bioanalytik, Regensburg, Germany. The hybridization signal data were analyzed 
with ROBIN program (http://mapman.gabipd.org/web/ guest/robinsoftware) and MapMan 
program (http://mapman.gabipd.org/web/guest/ mapman). Statistical analysis for t-test and 
subsequent calculation of false discovery rate (FDR) was according to ROBIN program with 
the data of 3 biological independent experiments.  
 
DCMU treatment  
The electron transport inhibitor DCMU (Sigma) was applied to the seedlings in Petri dishes 
by spraying 0.5 ml of a 5 µM solution to the leaves 90 min before transfer of the seedlings 
from LL to HL or before the application of the PAMPs. Control seedlings were treated with 
the solvent without DCMU.  
 
PAMP treatments with flg22, chitin or an A. brassicae toxin  
Each leaf of 10-day old Arabidopsis seedlings were treated with 20 μl of 1 μM flg22, or 1 µM 
chitin (crab shells, Sigma-Aldrich) or A. brassicae toxin preparation and the control seedlings 
with 20 μl of sterile H2O.  
 
Quantitative H2O2 and ROS measurements and detection of ROS in roots 
Quantitative H2O2 measurement from leaves and roots were performed using the Amplex Red 
hydrogenperoxide/peroxidase assay kit (Molecular Probes) according to the manufacturer’s 
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instructions (http://tools.invitrogen.com/content/sfs/manuals/mp 22188.pdf). Leaf sections of 
0.5-1 mm width and root sections of 2-3 cm length were incubated in the reaction mixture for 
10 min in dark at room temperature. The fluorescence intensity was quantified with a 
fluorescence microplate reader (TECAN Infinite 200) with an excitation at 540 nm and 
emission at 610 nm. H2O2 was used to prepare the standard curve. The reaction mixture 
without the substrate and plant material served as control. ROS measurements from leaves 
and roots were performed using the substrate carboxy-H2DFFDA according to the 
manufacturer’s instructions (https://tools.invitrogen.com/content/sfs/ manuals/mp36103.pdf). 
The plant material was incubated in 20 μM carboxy-H2DFFDA prepared in KRPG buffer for 
30 min in the dark. The fluorescence intensity was quantified with a fluorescence microplate 
reader (TECAN Infinite 200) with an excitation at 485 nm and emission at 530 nm. The 
reaction mixture without the substrate and plant material served as control. ROS imaging in 
roots were performed by fixing their ends on a glass slide and by incubating the root sections 
with 20 μM carboxy-H2DFFDA prepared in KRPG buffer for 30 min. The treated roots were 
washed 5 times with KRPG buffer without mechanical disturbances and immediately 
photographed using Axiocam MRC5 fluorescence microscope (Carl Zeiss, Germany).      
 
Miscellaneous 
For quantification of photobleached leaf areas, the white areas of the leaf were quantified as 
pixel in Photoshop
TM
 on a photo. Measurement of photosynthesis parameters and analysis of 
chlorophyll and anthocyanin contents are described in the Supplemental Material 3.  
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Abstract  
Ca
2+
 is an important second messenger in plants and animals. Here we report that (a) low 
molecular weight exudate component(s) from Alternaria brassicae induce cytosolic calcium 
([Ca
2+
]cyt) elevation. We isolated an ethane methyl sulfonate (EMS) mutant which does not 
respond to cell wall extract (CWE) and exudate preparations from mycelium (EPM) and 
germinating spores (EPS) with regard to [Ca
2+
]cyt elevation but responded normally to the 
toxin preparation from A. brassicae.  The mutant is highly sensitive to A. brassicae infections 
and its toxin preparation, and also to drought and water stress. After exposure to A. brassicae, 
the abscisic acid (ABA), salicylic acid (SA) and jasmonic acid (JA) levels are induced more 
in mutants than in wild-type (WT). The mutant induced low levels of aliphatic glucosinolates 
(aGLS) and the bioactive (+)-7-iso-jasmonoyl-1-isoleucine conjugate ((+)-7-iso-JA-Ile) in 
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response to A. brassicae infection. We propose that the mutated gene product is involved in 
Ca
2+
-dependent signaling pathways establishing biotic and abiotic stress tolerance. 
 
INTRODUCTION 
 
Plants have evolved effective mechanisms to perceive, transduce and respond to a wide 
variety of biotic and abiotic signals by modulating intracellular or cytosolic Ca
2+
 ([Ca
2+
]cyt) 
levels (c.f. Sanders et al., 2002; Lecourieux et al., 2006; Reddy et al., 2011). Under resting 
conditions, the [Ca
2+
]cyt is maintained below 100 nm, 10
4
 times less than in the apoplastic 
fluid and 10
4
 to 10
5
 times less than in different internal Ca
2+
 store organelles (Hetherington 
and Brownlee, 2004; Dodd et al., 2010). Ca
2+
 is the most tightly regulated ion within cellular 
compartments, and tight spatial and temporal control of its concentration makes it a versatile 
signaling molecule in plants (Clapham, 2007; Kudla et al., 2010). Ca
2+
 signaling is composed 
of a receptor, a system for generating the transient increase in [Ca
2+
]cyt through Ca
2+
-pumps 
and -channels in response to a stimulus, recognition of the specific Ca
2+
-signature by sensor 
proteins, transduction of the information to targets and cellular systems responsible for 
returning [Ca
2+
]cyt to its pre-stimulus level (Hetherington and Brownlee, 2004; Reddy and 
Reddy, 2004). In plants, increase in [Ca
2+
]cyt arises from the influx of Ca
2+
 from the apoplast 
and/or from the internal stores through specific channels like cyclic nucleotide gated channels 
(CNGC), glutamate receptor channels (GLR) or two pore Ca
2+
 channels (TPC) (Sanders et al., 
2002; Hetherington and Brownlee, 2004). H
+
/Ca
2+
 antiporters and Ca
2+
-ATPases pump the 
Ca
2+
 ions back into the apoplast and/or intracellular stores once the receptor is no longer 
activated by ligand binding (Hetherington and Brownlee, 2004; Reddy and Reddy, 2004).  
[Ca
2+
]cyt elevation is one of the earliest physiological events in root and leaf cells in 
response to pathogenic stimuli. Upon perception of signals from pathogenic fungi or/and its 
pathogen-associated molecular patterns (PAMPs), [Ca
2+
]cyt levels transiently increase in the 
host cells within seconds (Blume et al., 2000; Müller et al., 2000; Lecourieux et al., 2002, 
2005; Hu et al., 2009; Ranf et al., 2012). Plants discriminate both the nature and strength of 
these stimuli to mount an appropriate rapid adaptive response for their survival (Mithöfer and 
Mazars, 2002). The interplay of Ca
2+ 
and its information processing during plant-fungus 
interactions is the key determinant in the decision either to establish disease resistance or 
susceptibility (Lecourieux et al., 2006; Dodd et al., 2010; Reddy et al., 2011).  
Recognition and perception of fungal pathogens and their PAMPs induce [Ca
2+
]cyt 
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elevation which leads to the activation of defence-signaling cascades against the attempted 
pathogen invasion (Blume et al., 2000; Klüsener et al., 2002). High-affinity binding of 
PAMPs to pattern recognition receptors activates innate immune responses that trigger basal 
resistance or PAMP-triggered immunity (PTI) (Nürnberger et al., 1994; Bourque et al., 1999). 
However, during the coevolution with host plants, fungal pathogens acquired effector 
molecules e.g. host specific toxins, to suppress PTI. The plants counteract this with a second 
level of immunity and specific resistance proteins, resulting in effector-triggered immunity 
(ETI) or classical gene-for-gene resistance (Jones and Dangl, 2006; Boller and Felix, 2009; 
Millet et al., 2010). Downstream of PAMP-receptor and effector-receptor interactions is a 
chain of events leading to defense-related gene activation consisting of the regulation of 
protein kinases and phosphatases, phospholipases, NADPH oxidases and ion channels, and 
the production of various metabolites such as reactive oxygen species (ROS), salicylic acid 
(SA), ethylene (ET), jasmonic acid (JA) and phytoalexins (Lecourieux et al., 2006; Boller and 
Felix, 2009; Millet et al., 2010). Pharmacological studies with inhibitors of [Ca
2+
]cyt elevation 
prevented the activation of defense responses (Blume et al., 2000; Lecourieux et al., 2002; Hu 
et al., 2009), which demonstrates again the important role of Ca
2+
 in plant immunity.   
Alternaria brassicae (Berk.) Sacc. (Ab) is a necrotrophic deuteromycete fungus which 
causes black spot disease in crucifers including A. thaliana. It is a seed-, air- and soil-borne 
fungus that penetrates through all plant parts and causes lesions on leaves, stems and siliques 
(Bains and Tewari, 1987). The disease progression ultimately results in plant death, mostly 
caused by host-specific toxins (HSTs) (Walton, 1996; Moebius and Hertweck, 2009; Pedras 
and Khallaf, 2012). HSTs are low molecular weight secondary metabolites of different 
chemical classes which can be isolated from liquid cultures or germinating spores. The two 
well-known phytotoxins destruxin B and sirodesmin PL from A. brassicae induce phytoalexin 
and camalexin biosynthesis in crucifers (Pedras and Khallaf, 2012). Here we show that low 
molecular weight components from a cell wall extract (CWE), from exudates preparations 
(EP) from the mycelium (EPM)  and germinating spores (EPS), and a toxin preparation of A. 
brassicae induce [Ca
2+
]cyt elevation  in Arabidopsis roots stably expressing the Ca
2+
 reporter 
protein aequorin. We have isolated and characterized a cytosolic calcium elevation mutant 
(ab-cycam) which does not induce [Ca
2+
]cyt elevation in response to CWE, EPM and EPS 
from A. brassicae, but responds to the toxin. Ab-CYCAM mutant is highly susceptible to A. 
brassicae infection, sensitive to its toxin preparation and impaired in defense.  
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RESULTS 
 
Exudate preparations from A. brassicae induce [Ca
2+
]cyt elevation in Arabidopsis roots  
Under resting conditions, 18-day old transgenic A. thaliana (pMAQ2) roots gave [Ca
2+
]cyt 
values of 70 ± 0,6 nM (n = 16).  After the application of a CWE/EPM/EPS/ a toxin 
preparation from A. brassicae to the roots, a transient increase in the [Ca
2+
]cyt concentration is 
observed (Fig. 1A-D). Discharge at the end of the experiment demonstrates that less than 5 of 
the reconstituted aequorin was consumed after the stimuli, which ensures that the.. amount of 
aequorin in the sample is not limiting for the Ca
2+
 signal (data not shown, Mithöfer.. and 
Mazars, 2002). After a lag phase of 15 - 20 s, the levels of [Ca
2+
]cyt begin to rise and reach a 
 
peak of ~ 300 - 400 nM after 40 to 45 s (Fig. 1A-D). Subsequently the Ca
2+
 levels steadily 
decreased. No [Ca
2+
]cyt elevation is observed with the water control treatment (Fig. 1A-D) and 
barely any [Ca
2+
]cyt elevation is observed in response to the CWE and EPs in the cotyledons of 
18-day old seedlings, while the toxin preparation induces [Ca
2+
]cyt elevation in the cotyledons 
although at lower rates than in the roots (Fig. 1A-D, insets). For all stimuli, the magnitudes of 
the [Ca
2+
]cyt responses are dose-dependent (Suppl. Fig. 1). The A. brassicae- CWE, EPM, EPS 
and the toxin preparation showed very similar [Ca
2+
]cyt elevation kinetics which did not 
change after heat treatment (20 min at 121°C by autoclaving) indicating that the components 
are thermostable (Suppl. Fig. 2).  After ethyl acetate extraction most of the activities remained  
 
Fig. 1. A. brassicae-CWE, -EPM, -EPS 
and -toxin induces [Ca
2+
]cyt elevation in 
A. thaliana seedlings expressing 
cytosolic aequorin. Roots of 18-day old 
seedlings were challenged with 50 μl of 
the CWE, EPM, EPS or toxin preparation. 
[Ca2+]cyt level was calculated from the 
relative light unit (RLU) at 5 second (s) 
integration time for 10 min. The arrow 
indicates the time (1 min) of addition of 
the stimuli/water. The inset shows the 
peak values of [Ca2+]cyt elevation in leaves 
and cotyledons with the same dose of 
stimuli. In all the experiments, sterile 
water was used as control and gave 
background readings. All curves and 
values (mean ± SE) are from five 
independent experiments with eight 
replications in each experiment.  
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in the aqueous phase. Similar results were obtained after extracting the CWE and EPs 
preparations with methanol, whereas extraction of the toxin preparation with methanol 
resulted in a supernatant and precipitate fraction which showed [Ca
2+
]cyt inducing activities 
(Suppl. Fig. 2). This suggests that the [Ca
2+
]cyt activity induced by the toxin preparation is 
different from those induced by the three extracts. Size separation of the fungal components 
demonstrates that all compounds are < 3 kD (Suppl. Fig. 2).  
 
A Ca
2+
-based screen to isolate mutants defective in [Ca
2+
]cyt elevation to the CWE 
White 96-well plates in combination with a plate-reader luminometer equipped with an 
automatic injection system was used to screen for Arabidopsis mutants which do not show 
[Ca
2+
]cyt elevation in response to the CWE. The screen was performed with roots of individual 
18-day old M2 seedlings grown on Hoagland (HL) medium, from EMS mutagenised-M1 seeds 
in the Col-0 background (pMAQ2; Knight et al., 1991, 1997). After recording the background 
[Ca
2+
]cyt level for 1 min, the response to the CWE was measured for 10 min. Roots which did 
not respond to the stimulus were used for the discharge reaction to ensure that the lack of 
[Ca
2+
]cyt elevation  is not caused by a mutation in the aequorin gene. Screening of 
approximately 150.000 individual M2 plants identified 12 mutants which failed to induce 
[Ca
2+
]cyt elevation in response to the CWE (Fig. 2A), and were named as cytoplasmic calcium 
(cyca) mutants to A. brassicae-CWE (ab-cycam). The putative mutants were transferred to 
soil and allowed to self to obtain M3 (up to M6) seeds. Three putative mutants did not survive 
in soil. For the other lines, the phenotype was confirmed with the M3 and M4 material. None 
of them show a visible phenotype under our growth conditions when compared to wild-type 
(WT) (Fig. 2B). Genetic analyses of crosses uncovered that four Ab-CYCAM mutants were  
 
Fig. 2. Screening for mutants which do not  
respond to Ab-CWE. M2 seedlings from the 
individual M1 plants were used for the mutant 
screening. About 70% of the roots from the indi-
vidual M2 seedlings was dissected and incubated 
in 7.5 μM coelenterazine overnight and 
challenged with CWE.  ab-cycam1, ab-cycam2, 
ab-cycam3 and ab-cycam4 did not respond to the 
CWE (A). pMAQ2 in Col-0 served as control. 
Three weeks old homozygous mutants in soil-
vermiculite mix (9:1) grown under short day 
(SD) (8h/16h - light/Dark) condition at 22˚C 
with a light intensity of 100 µmol photons m-2 s-1 
did not show any pleiotropic effect (B).  
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allelic. Two of them, ab-cycam1-1 and ab-cycam1-2, were used for further analyses. When 
ab-cycam1-1 and ab-cycam1-2 were backcrossed to WT (Col-0) or WT (La-er), [Ca
2+
]cyt 
elevation to the CWE was restored in ~25 of F2 progenies, indicating that the mutations are 
recessive. 
 
Ab-CYCAM1 mutants do not respond to the CWE and the EPs, but responded to the 
toxin preparation 
When the response of ab-cycam1 to the four Ca
2+
 inducing stimuli was tested, the roots did 
not respond to the CWE and EPs, but showed a WT response to the toxin preparation (Fig. 
3A-D). To test whether the [Ca
2+
]cyt responses induced by the four stimuli show a refractory 
behaviour, roots of WT and ab-cycam1 were challenged first with either the CWE, EPM or.. 
 
 
Fig. 3. The response of ab-cycam1 to 
different A. brassicae-derived 
stimuli. The roots of both ab-cycam1-
1 and ab-cycam1-2 were challenged 
with 50 μl of CWE (A), EPM (B), 
EPS (C) or toxin (D). The mutants did 
not respond to the CWE and EPs but 
responded to the toxin preparation. All 
curves represent mean of four 
independent experiments with eight 
replications in each experiment.  
 
 
 
EPS and subsequently with either the same stimulus or one of the other two stimuli. Ten min 
after the first stimulus, when the [Ca
2+
]cyt  level is on its descent, the second stimulus was 
applied. Fig. 4A-D demonstrate that the second stimulus shows always a weak response, 
irrespective of whether the CWE or the EPs were used. Since any combination of these 
stimuli gave comparable [Ca
2+
]cyt responses with a refractory feature, the ab-cycam1 mutant is 
involved in the response to all three stimuli. Therefore, the three preparations contain either 
the same compound or all of them require the mutated gene for [Ca
2+
]cyt elevation (Ab-
CYCAM1) in Arabidopsis roots. If the toxin preparation is applied as a second stimulus, a 
strong [Ca
2+
]cyt elevation without refractory feature is observed in WT roots, irrespective of 
the first stimulus as CWE or EPM or EPS (Fig. 4A-D). Therefore, the toxin preparation-
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induced [Ca
2+
]cyt response is independent of Ab-CYCAM1. Finally, we used flg22 to 
stimulate [Ca
2+
]cyt elevation in the leaves and roots of ab-cycam1 and no difference to the WT 
was observed (data not shown). 
Fig. 4. Refractory behaviour of the fungal 
stimuli to [Ca
2+
]cyt changes in WT and ab-
cycam1-2 in competition assays. WT and 
mutant roots were first treated with either the 
CWE, EPM or EPS and subsequently 10 min 
later with CWE or the toxin. The CWE-induced 
[Ca2+]cyt change is refractory to consecutive 
applications of CWE but non-refractory to the 
second treatment with toxin in WT roots (A). 
The WT roots treated first with the CWE, the 
EPM or EPS induce [Ca2+]cyt changes, and not in 
ab-cycam1-2, but both WT and mutant 
responded to subsequent treatment with toxin (B, 
C and D). All curves represent mean of three 
independent experiments with eight replications 
in each experiment.  
 
[Ca
2+
]cyt elevation is mobilised by the extra- and intra-cellular pools of Ca
2+
  
Arabidiopsis lines with the pMAQ2 construct (Knight et al., 1991, 1997) accumulate aequorin 
in the cytoplasm and is often used to monitor [Ca
2+
]cyt elevation due to opening of 
plasmamembrane-localized Ca
2+
 channels and uptake of Ca
2+
 from external and internal 
stores. To elucidate the origin of Ca
2+
 flux, we performed pharmacological studies using 
different chelators/inhibitors which can prevent internal and external mobilisation of Ca
2+
 to 
cytoplasm. Initially, we determined the maximum concentration of these chelators/inhibitors 
at which the basal level of [Ca
2+
]cyt is not changed significantly and also do not affect the 
discharging of excess reconstituted aequorin with 100mM CaCl2 when the roots are incubated 
with them for 1 h. Incubation of roots with 5μM staurosporine (a protein kinase inhibitor) 1 h 
prior to the treatment of CWE, EPM, EPS and toxin completely blocked the [Ca
2+
]cyt elevation 
which indicate that Ab-CYCAM1 has kinase domain(s) (Fig. 5A). 1 mM BAPTA (an external 
Ca
2+
 chelator blocking the influx of Ca
2+
 from apoplast to cytoplasm through plasma 
membrane) and 20 μM neomycin, (a phospholipase C (PLC) inhibitor blocking the inositol 
1,4,5-triphosphate (IP3)-mediated Ca
2+
 release from the internal stores) drastically suppressed 
CWE, EPM, EPS and toxin-induced [Ca
2+
]cyt elevation (Fig. 5A). In ab-cycam1, as shown in 
the figure 5B, staurosporine treatment completely- whereas BAPTA and neomycin treatments 
partially inhibited toxin-induced [Ca
2+
]cyt elevation. These results indicate that [Ca
2+
]cyt 
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elevations induced by all four stimuli are contributed by both extra- and intra-cellular Ca
2+
 
(Fig. 5A-B). We also tested the sensitivity of ab-cycam1 and WT to Ca
2+
 inhibitors and found 
that the performance of ab-cycam1 was severely impaired compared to WT (Suppl. Fig. 3).  
 
 
....  
 
 
 
 
 
 
Fig. 5. Extra- and intra-cellular Ca
2+
 are involved in CWE-, EPM-, EPS- and toxin-induced [Ca
2+
]cyt 
elevation. Roots of 18-day old seedlings grown on HL medium under long day (LD) condition were dissected 
and incubated overnight in 7.5 μM coelenterezine. The roots were incubated with different inhibitors/chelators 
for 1 h after removing the coelenterazine solution without disturbing the roots. The roots were gently washed 
with sterile water and challenged with 50 μl of different A. brassicae stimuli. The effects of different 
inhibitors/chelators on CWE-, EPM-, EPS- and toxin-induced peak values of [Ca2+]cyt elevation in WT (A); and 
the toxin-induced peak values of [Ca2+]cyt elevation in ab-cycam1 (B) are shown. The control measurements are 
without inhibitors/chelators. Mock control treatment was done with sterile water or 0.1 DMSO. Staurosporine - 5 
μM, bis(o-amino- phenoxy)ethane-tetraacetic acid (BAPTA) - 1 mM and neomycin - 20 μM were used. All 
values represent mean ± SE of three independent experiments with sixteen replications in each experiment. 
 
ab-cycam1 plants are highly susceptible to A. brassicae infection, the toxin preparation 
and drought-related stress 
Since the ab-cycam1 were obtained by screening the EMS mutated pMAQ2 line with the A. 
brassicae-CWE, we tested whether ab-cycam1 is more susceptible to A. brassicae root and 
leaf infections than WT. 14-day old seedlings (roots and cotyledons) or leaves from 4 week 
old plants were infected with A. brassicae. Infection of the roots of Arabidopsis seedlings was 
performed by exposing them to a 5 mm fungal plug (cf. Material and Methods, Fig. 6A). The 
leaves of the seedlings (Fig. 6B) or adult plants (Fig. 6E) were infected with 5 μl of a spore 
suspension. The disease progression measured as percentage disease index (PDI) was 
determined 3, 5, 7 and 10 days after inoculation (dai) of the seedling leaves (Fig. 6C). Two . 
allelic mutants of ab-cycam1 were more sensitive to A. brassicae infection than the WT. The 
higher transcript level of the A. brassicae marker Atr1 gene in the leaves of the ab-cycam1 
seedlings indicates that the mutant cannot efficiently restrict fungal growth (Fig. 6D). This 
result indicates that Ab-CYCAM1 participates in establishing resistance against A. brassicae 
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infection. Fig. 6F demonstrates the same results, if A. brassicae was replaced by the toxin 
preparation. Thus, Ab-CYCAM1 participates in establishing resistance to the fungus and its 
toxin preparation. This can also be demonstrated by growing WT and ab-cycam1 seedlings on  
 
Fig. 6. ab-cycam1-1 and ab-cycam1-2 are 
highly susceptible to A. brassicae and its 
toxin. (A) The roots of 14-day old ab-cycam1 
and WT seedlings were exposed to a fungal 
plug and incubated under LD conditions for 7 
days. (B) The leaves of 14-day old ab-
cycam1 and WT seedlings were inoculated 
with 5 μl spore suspension containing 104 - 
105 cfu ml-1 and incubated for 10 days under 
LD conditions. (C) The PDI was determined 
at 3, 5, 7 and 10 dai of leaves as shown in 
panel. The values are mean ± SE of 4 
independent experiments with twenty four 
seedlings each. A. brassicae ATR1 transcript 
levels are higher in ab-cycam1-1 and ab-
cycam1-2 leaves than in WT leaves at 5 dai 
(D). Detached leaf assays with fungal spores 
(E) and toxin (F). Mature leaves from 4-week 
old ab-cycam1 and WT plant grown under 
SD conditions were dissected, inoculated 
with 10 μl spore suspension containing 104 - 
105 cfu ml-1 or 10 μl toxin preparation and 
incubated under LD condition for 5 days. The 
mock treatment was performed with sterile 
water. The experiments were repeated four 
times with twenty four seedlings or leaves, 
and representative pictures are shown.  
 
media containing low concentrations of the toxin preparation (Fig. 7A-C). False colour 
images of the seedlings representing Fs/Fm values confirm that WT seedlings suffer barely 
under the applied low concentration of the toxin preparation while the two ab-cycam1 mutants 
do (Fig. 7B). Furthermore, the photosynthetic parameters ´quantum yield of photosystem II´ 
(фPSII), ´photochemical´ (qP) and ´non-photochemical quenching´ (NPQ), and ´maximum 
quantum yield of PSII´ (Fv/Fm) of the mutants are decreased compared to the WT seedlings 
exposed to the toxin preparation (Fig. 7B). Thus, the efficiency of the photosynthetic electron 
transport (фPSII, qP), the ability of heat dissipation of photochemical energy (NPQ) and the 
ratio of functional PSII to total PSII (Fv/Fm) are impaired in the chloroplasts of the mutant 
plants exposed to the toxin preparation. Taken together, Ab-CYCAM1 participates in 
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establishing resistance against A. brassicae and its toxin preparation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Response of ab-cycam1-1 and ab-cycam1-2 seedlings to CWE, EPM, EPS and the toxin preparation 
from A. brassicae. Mutants and WT seedlings were grown on MS medium supplemented with 3% (v/v) of the 
different A. brassicae stimuli for 14 days and fresh weight (FW) were determined (A and C). The performance 
of mutants was lower than that of WT. False color pictures representing chlorophyll  fluorescence (Fs/Fm values) 
of (A), where blue represent low and red high Fs/Fm values. Maximum quantum yield of PSII (Fv/Fm), quantum 
yield of PSII (ΦPSII), photochemical quenching (qP) and non-photochemical quenching
 (NPQ) were determined 
from 14-day old WT and mutants seedlings (B). Data are means ± SEs from 6 independent experiments with 
n>70 seedlings per treatment per line in each experiment. Representative pictures are shown. 
 
Furthermore, when WT and mutant seedlings were grown on MS medium supplemented with 
either 100 nM ABA or 350 mM mannitol, the fresh weights of the ab-cycam1 seedlings was 
significantly reduced compared to the WT (Fig. 8). This suggests that Ab-CYCAM1 plays a 
role in biotic (A. brassicae) and abiotic (water and drought) stress.  
 
Fig. 8. ab-cycam1-1 and ca-cycam1-2 
seedlings are sensitive to ABA and 
mannitol treatments. Mutants and WT 
seedlings were grown on MS medium 
supplemented with ABA and mannitol for 
20 days before their FW were determined. 
The values are mean ± SEs of four 
independent experiments with 40 seed-
lings of each line per treatement in each 
experiment.  
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Phytohormone levels are altered in ab-cycam1 
SA-, JA- and ABA- (abscisic acid) dependent stress responses are regulated by [Ca
2+
]cyt levels 
in plants (Larkindale and Knight 2002; Hu et al. 2009; Vadassery et al. 2012). Stress-related 
phytohromone levels were determined in the leaves of 14-day old ab-cycam1 and WT 
seedlings, with and without exposure to A. brassicae spore infection for 3 days. The ABA, SA 
and JA levels were higher in the mutants compared to WT (Fig. 9A-C), while the JA precursor 
cis-OPDA (cis-12-oxo-phytodienoic acid) levels were not significantly altered due to A. 
brassicae infection in different lines (Suppl. Fig 4). Interestingly, the biologically inactive JA 
and (-)-JA-Ile (jasmonic acid-isoleucine conjugate) levels were slightly higher (Fig. 9C and 
Suppl. Fig. 4), whereas the biologically active form, (+)-7-iso-jasmonoyl-1-isoleucine ((+)-7-
iso-JA-Ile) was significantly low, in ab-cycam1 compared to WT (Fig. 9D). Therefore, A. 
brassicae infection stimulated SA, ABA, JA and (-)-JA-Ile levels in all plants, but the 
stimulatory effect was higher for the mutants when compared to the WT. However, the 
biologically active (+)-7-iso-JA-Ile level was significantly high in WT.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. ABA, SA, JA and (+)-7-iso-JA-Ile levels in the leaves of ab-cycam1 and WT seedlings inoculated 
with A. brassicae. Leaves of 14-day old seedlings grown on MS medium under LD conditions and 80 µmol 
photons m-2 s-1 at 22˚C were inoculated with A. brassicae spore suspension containing 104 to 105 cfu ml-1 or 
water (control) as described in Methods. ABA  (A),  SA (B), JA (C) and the biologically active form of JA, (+)-
7-iso-JA-Ile (D) levels are shown from the leaves at 3 dai. The values are mean ± SE of four independent 
experiments with five replications in each experiment. 
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Ab-CYCAM1 modulates aliphatic glucosinolate levels  
In Arabidopsis, camalexin and glucosinolates are the major sulphur containing secondary 
metabolites which are actively involved in plant defense (Brader et al. 2006; Halkier and 
Gershenzon 2006; Bednarek et al. 2009).  The fungal infection induced both camalexin and 
indolic glucosinolates (iGLS) production in mutants and WT, however the induction was 
higher in ab-cycam1 (Fig. 10A and Suppl. Fig. 5). Three dai with A. brassicae spores on 
leaves, the induction of aliphatic glucosinolates (aGLS) e.g. 5MSOP (5-methylsulfinylpentyl-
GLS) and 7MSOH (7-methylsulfinylheptyl-GLS) were significantly higher in WT compared 
to ab-cycam1 (Fig. 10B). The expression of MYB28, MYB29 and BCAT4 which are involved 
in the aGLS biosynthesis (Halkier and Gershenzon 2006) were also upregulated in WT and 
not in mutants due to A. brassicae infection (Fig. 10C) shows that Ab-CYCAM1 participates 
in aGLS biosynthesis and thereby defense against A. brassicae infection. 
 
 
Fig. 10. Induction of camalexin 
and glucosinolates in ab-cycam1 
in response to A. brassicae 
infection. The leaves of 14-day old 
seedlings of ab-cycam1 and WT 
were inoculated with fungal spore 
suspension containing 104 to 105 
cfu ml-1 and incubated under LD 
condition. The inoculated 
seedlings were harvested at 3 dai 
and used for the measurement of 
camalexin (A), aliphatic glucosi-
nolates 5MSOP and 7MSOH (B) 
by LC-MS/MS method described 
in Methods. The values are mean ± 
SE of 4 independent experiments 
with 5 replications in each 
experiment. The relative mRNA 
levels of aliphatic glucosinolates  
biosynthesis genes (C) from the 
leaves of different lines at 3 dai of 
A. brassicae are also shown. Mock 
treatment was done with sterile 
water. The values are mean ± SE 
of three. independent experiments. 
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DISCUSSION  
 
A. brassicae exudate compounds trigger [Ca
2+
]cyt  elevation in Arabidopsis roots 
A. thaliana plants stably expressing the bioluminescent Ca
2+
 binding aequorin in the cytosol 
were used to elucidate the role of [Ca
2+
]cyt changes in the pathogenic interaction with A. 
brassicae. We report that exudate preparations from A. brassicae induce [Ca
2+
]cyt elevation in 
root cells which in turn modulates defense responses. The response pattern resembles that 
reported for the identified PAMPs in various plant species, for example, -glucan from 
Phytophthora sojae in soybean- (Mithöfer et al., 1999), pep-13 from P. sojae in parsley- 
(Blume et al., 2000) and cryptogein from P. cryptogea and oligosaccharides in tobacco- 
(Lecourieux et al., 2002, 2006) cell cultures, pep-25 from P. sojae in Arabidopsis (Hu et al., 
2009), INF1 from P. infestans and boehmerin from P. boehmeriae in tobacco (Zhang et al., 
2009), chitosan in Arabidospsis (Klüsener et al., 2002), flg22 and elf18 from the flagellated 
bacteria in Arabidopsis seedlings (Jeworutski et. al., 2010; Ranf et al., 2012). Nod factor from 
rhizobia (Müller et al., 2000), Myc factor from arbuscular mycorrhiza fungus (Navazio et al., 
2007) and Pi-CWE (Vadassery et al., 2009) induce [Ca
2+
]cyt elevation in roots. The similarity of 
Ca
2+
 signatures - the lag phase, their dose-dependency, transient appearance and refractory 
nature suggest that the A. brassicae exudate preparations contain (a) compound(s) that may be 
perceived by a receptor in Arabidopsis root cells (Fig. 1A-D and Suppl. Fig. 1). This is further 
supported by the inhibition of [Ca
2+
]cyt elevation by the phosphorylation inhibitor stauro-
sporine. To avoid cytotoxicity, we determined the optimum dose at which the basal level of 
[Ca
2+
]cyt and the discharge are not changed. In these conditions, 5 μM staurosporine completely 
inhibited [Ca
2+
]cyt elevation in response to the A. brassicae preparations (Fig. 5A-B), similar to 
studies with the cryptogein in tobacco- (Lecourieux et al., 2002), Myc factor in soybean-
suspension cultures (Navazio et al., 2007), Pi-CWE in Arabidopsis root (Vadassery et al., 2009) 
and ergosterol in tobacco (Vatsa et al., 2011). Like flg22 and the Myc factor (Meindl et al., 
2000; Navazio et al., 2007), the active components in A. brassicae exudate preparations are 
thermostable, hydrophilic, polar and of low molecular weights (Suppl. Fig. 2). 
 
Isolation and characterization of a Ab-CYCAM1 mutant  
We isolated a loss-of-function mutant, named ab-cycam1, which does not show [Ca
2+
]cyt 
elevation to CWE, EPM and EPS of A. brassicae (Fig. 3A-D). Interestingly, the mutant is also 
insensitive to CWEs and exudate preparations from the mycelia of necrotrophic fungus 
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Rhizoctonia solani (FSU 1137) and the hemibiotrophic oomycete fungus Phytophthora 
parasitica var. nicotianae (FSU 746) while the Ca
2+
 response in the WT was comparable to the 
preparations from A. brassicae (Suppl. Fig. 6). The refractory nature of the three exudate 
preparations from A. brassicae demonstrates that they require the mutated gene for [Ca
2+
]cyt 
elevation to CWE/-EPM/EPS (Ab-CYCAM1) (Fig. 4A-D). Thus, these preparations contain 
either the same bioactive compounds, or their signaling events converge early in the plant. The 
mutant is highly susceptible to A. brassicae infection and sensitive to its toxin preparation (Fig. 
6A-F). Low concentrations of toxin preparation also induced [Ca
2+
]cyt elevation, and this 
response was clearly different from the others. It was detectable in both roots and leaves 
(Figure 1D). After a stimulus with the above mentioned exudate preparations, a second 
stimulus with the toxin preparation did not show a refractory nature (Fig. 4A-D). Furthermore, 
the toxin preparation also induced [Ca
2+
]cyt elevation in ab-cycam1 (Fig. 4B-D). Toxins from 
pathogenic fungi including A. brassicae are known to disrupt membranes (Walton, 1996), 
therefore it is conceivable that this might be the reason for the Ca
2+
 influx into the cytoplasm. 
If so, this might explain the slow recovery of the signal after having reached the peak (Fig. 
1D). The toxin preparation produced the typical disease symptoms of A. brassicae on leaves 
(Fig. 6E-F), while the other Ca
2+
-inducing exudate preparations did not (data not shown). The 
ab-cycam1 is defective in an early defense response against A. brassicae and probably to other 
pathogens. This defense response is relatively mild, when compared to the response to the 
toxin. The Ca
2+
 response might establish a first line of defense response, which is followed by 
a second stronger response induced by the toxin or the fungus itself.   
Ab-CYCAM1 also plays a role in abiotic (water and drought) stress as demonstrated by the 
increased sensitivity of ab-cycam1 seedlings to ABA and mannitol applications (Fig. 8). 
[Ca
2+
]cyt elevation is well documented in response to drought stress (Knight et al., 1997; 
Klüsener et al., 2002). Both ABA- and H2O2-induced [Ca
2+
]cyt elevations in guard cells regulate 
stomata aperture (Schroeder et al., 2001; Klüsener et al., 2002). Sustained [Ca
2+
]cyt elevations 
induced by mannitol is positively correlated to the better tolerance to drought and osmotic 
stress in Arabidopsis (Knight et al., 1997). Therefore, Ab-CYCAM1 is involved in biotic and 
abiotic stress responses.  
 
ABA, SA and JA levels in ab-cycam1 
To initially characterize the role of Ab-CYCAM1, we measured the ABA, SA and JA levels in 
untreated seedlings and those exposed to A. brassicae infections or the toxin. The three 
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hormones play key roles in mediating disease response to necrotrophic fungal pathogens 
(Mauch-Mani and Mauch 2005; Bari and Jones, 2009). ab-cycam1 accumulates higher ABA, 
SA and JA levels upon A. brassicae infection compared to WT (Fig. 9A-C). Therefore, Ab-
CYCAM1 interferes with or is involved in these three phytohormone functions. Interaction 
studies with bitrophic, hemibiotrophic and necrotrophic pathogens on ABA-deficient mutants 
demon-strated that ABA is a negative regulator of plant defense (Mauch-Mani and Mauch 
2005; Fan et al., 2009; Sanchez-Vallet et al., 2012). The hypersusceptibility of ab-cycam1 to 
A. brassicae and its toxin (Fig. 6A-F) confirms an involvement of Ab-CYCAM1 in the A. 
brassicae-Arabidopsis interaction. The ABA levels were already higher in the two allelic 
mutants even when not exposed to stress (Fig. 9A), and they were more sensitive to the 
exogenous ABA application compared to WT (Fig. 8). The major ABA biosynthesis genes 
AtBG1, NCED3 and TOC1 were higher induced in A. brassicae-exposed mutants than in the 
WT, whereas ABA1 and ABA2 mRNA levels did not show a significant difference (Suppl. Fig. 
7). AtBG1, a β-glucosidase located in the endoplasmic reticulum (ER), hydrolyses glucose 
conjugated biologically inactive ABA to produce active ABA (Lee et al., 2006). NCED3, a 
nine-cis-epoxycarotenoid dioxygenase (NCED) and timing of CAB expression 1 (TOC1) are 
involved in de novo ABA synthesis (Fan et al., 2009; Ton et al., 2009). Therefore, elevated 
ABA levels in A. brassicae-exposed mutants may be caused by a higher de novo synthesis and 
the conversion of inactive ABA to its active form, and these effects are stimulated in ab-
cycam1 (Fig. 9A and Suppl. Fig. 7).  
A. brassicae infection also induced SA and SA-responsive genes such as PRI and NPR1 in 
ab-cycam1 and WT seedlings (Fig. 9B and Suppl. Fig. 7), and these effects were stronger in 
the mutant, which again demonstrates the involvement of Ab-CYCAM1 in SA response. SA 
has both negative and positive role in plant defense against different fungal and bacterial 
pathogens (c.f. Vlot et al., 2009; Vincente and Plasencia, 2011). The phospholipase Dβ1 
(PLDβ1) mutant and mutants impaired in phosphatidic acid (PA) biosynthesis were more 
susceptible to B. cinerea infection compared to WT and this was positively correlated to a 
higher SA level in the infected mutant plants (Zhao et al., 2013), similar to our observations 
with ab-cycam1. PLDβ1 binds Ca2+, hydrolyzes phospholipids to generate phosphatidic acid 
(PA) and is involved in hormone signaling (Zhang et al., 2009) and the response to disease 
resistance (Zhao et al., 2013).  Therefore, elevated Ca
2+
 levels mediated by Ab-CYCAM1 in 
response to A. brassicae stimuli may effect PLDβ1 expression and PLDβ1 activation. 
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JA, methyl JA (MeJA) and other bioactive derivatives are important molecules in 
regulating induced defense responses against necrotrophic pathogen infection (Bari and Jones, 
2009; Pieterse et al., 2012). In the present study, A. brassicae infection induced constitutively 
high JA in both WT and ab-cycam1, and the induction was higher in the mutant lines (Fig. 
9C). Therefore, JA may act as a positive regulator of enhanced susceptibility to A. brassicae 
in ab-cycam1. But the biologically active (+)-7-iso-JA-Ile level was significantly high in WT 
compared to mutants (Fig. 9D). The role of JA in disease susceptibility to Alternaria alternata 
f. sp. lycopersici (AAL) and its AAL-toxin is well established for tomato (Egusa et al., 2009). 
Furthermore, JA promoted AAL-toxin-induced cell death through JA insensitive1 (jai1) 
receptor-dependent JA signaling (Zhang et al., 2011a). The JA-responsive genes MYC2, 
VSP2, JAZ1, Thi2.1 and PDF1.2 were upregulated in A. brassicae infected WT and ab- 
cycam1 and again this stimulation was higher in mutants (Suppl. Fig. 7). Upregulation of a 
marker gene of the MYC branch (VSP2) and of the ERF branch (PDF1.2) in ab-cycam1 
suggests that both branches of the JA pathway are involved in the higher susceptibility to A. 
brassicae infections. The jasmonate regulated gene 21 (JRG21) a common ROS marker gene 
involved in biotic and abiotic stress and in JA signaling (Mehterov et al., 2012) was also 
stronger upregulated in ab-cycam1 than in WT (Suppl. Fig. 7). All these examples indicate 
that the JA-dependent pathway has a promotional effect on susceptibility of plants to 
necrotrophic pathogens and that Ab-CYCAM1 is important for JA synthesis and/or signaling 
in response to A. brassicae infection in Arabidopsis.  
 
ab-cycam1 contains reduced aliphatic glucosinolate levels  
While A. brassicae infection stimulated the accumulation of iGLS in both WT and ab-
cycam1, the accumulation of camalexin was higher in ab-cycam1 seedlings (Fig. 10A and 
Suppl. Fig. 5). Higher accumulation of iGLS and camalexin were correlated to the higher 
disease incidence or susceptibility in different pathosystems (Brader et al., 2006; Bednarek et 
al., 2009; Su’udi et al., 2011; Wang et al., 2013). Also PAD3 required for camalexin synthesis 
was stronger upregulated in the ab-cycam1 mutants than in WT (Suppl. Fig. 5). The loh2 
mutant perturbed in sphingolipid metabolism was more sensitive to Alternaria toxin and 
showed a higher expression of the transcription factors, e.g. ANAC042 and MYB51 involved 
in camalexin and iGLS biosynthesis (Mehterov et al., 2012). The stronger regulation of these 
genes in ab-cycam1 suggests also an involvement of Ab-CYCAM1 in their regulation. 
However, aGLS were induced in response to A. brassicae infection only in WT and not in ab-
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cycam1 mutants (Fig. 10B). Furthermore, the aGLS biosynthesis genes BCAT4 (branched-
chain aminoacid aminotransferase 4) and MYB28 and MYB29 (Sonderby et al., 2010) were 
upregulated in WT but not in ab-cycam1 seedlings (Fig. 10C). These results confirm that 
aGLS play an important role in defense against A. brassicae infection in Arabidopsis and is 
mediated by Ab-CYCAM1.  
 
Intra- and extra-cellular pools of Ca
2+
 contribute to CWE-, EPM-, EPS- and toxin-
induced [Ca
2+
]cyt elevation   
[Ca
2+
]cyt elevation is resulted from the influx of extracellular apoplatic Ca
2+
 across the plasma 
membrane and/or the efflux Ca
2+
 from intracellular Ca
2+
 stores in different organelles 
(Hetherington and Brownlee, 2004). Though pharmacological approaches bear the risk of 
unspecific off-target effects, it offers the advantage to overcome potential redundancy in 
target function and allow transient inhibition with minimal pleiotropic effects (Kwaaitaal et 
al., 2011).  In our system, 5 μM staurosporine completely inhibited CWE/EPM/EPS- and 
toxin- induced [Ca
2+
]cyt elevation (Fig. 5A-B) indicating that AbCYCAM1 has a kinase 
domain. Independent studies have also shown the total inhibition of [Ca
2+
]cyt  elevation in 
cryptogein-tobacco- (Lecourieux et al., 2002) and Myc factor-soybean-suspension cultures 
(Navazio et al., 2007), Pi-CWE-Arabidopsis root (Vadassery et al., 2009) and ergosterol-
tobacco systems (Vatsa et al., 2011). Chelation of extracellular Ca
2+
 by membrane 
impermeable BAPTA and intracellular Ca
2+ 
by membrane permeable neomycin significantly 
inhibited the [Ca
2+
]cyt  elevation by different A. brassicae stimuli (Fig. 5A). Therefore, both 
extracellular and intracellular Ca
2+
 pools are required for CWE/EPM/EPS/toxin-induced 
[Ca
2+
]cyto elevation. Interestingly stauropsorine, BAPTA and neomycin inhibited the seedling 
growth, especially of mutants (Suppl. Fig. 3). With pharmacological studies, it has been 
reported that both extra- and intra-cellular Ca
2+
 contribute to 
 
[Ca
2+
]cyt  elevation in different 
systems, e.g. β-glucan-soybean (Mithöfer et al., 1999), Pep-13-parsely (Blume et al., 2000), 
cryptogein-tobacco (Lecourieux et al., 2002, 2006), Pep-25-Arabidopsis (Hu et al., 2009) and 
ergosterol-tobacco (Vatsa et al., 2011). Neomycin inhibits IP3 mediated intracellular Ca
2+ 
release in Arabidopsis and Zhang et al. (2011b) could demonstrate the complementary 
interaction of IP3 and [Ca
2+
]cyto  in an inositol polyphosphate 1-phosphatase mutant supo1 in 
which, elevated IP3 also elevated [Ca
2+
]cyt  levels and vice versa.   
In conclusion, Ab-CYCAM1 is an essential protein involved in [Ca
2+
]cyt-mediated abiotic 
and biotic stress resistance. Ab-CYCAM1 mutant is compromised in the induction of aGLS 
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and the biologically active (+)-7-iso-JA-Ile, and accumulated more ABA, which inturn makes 
ab-cycam1 more sensitive to A. brassicae infection and its toxin. Three exudate preparations 
from A. brassicae activate [Ca
2+
]cyt in Arabidopsis roots without being toxic by themselves. 
The overall defense activation of these fractions is low compared to that induced by the 
fungus itself or by its toxin. We propose a two-step defense response of Arabidopsis roots to 
A. brassicae stimuli, the first one requires Ab-CYCAM1 and [Ca
2+
]cyt elevation to induce a 
moderate defense response, while the second step is Ab-CYCAM1 independent, and induces 
a strong defense response through the fungus or its toxin.  
 
METHODS 
 
Plant material and growth  
Transgenic A. thaliana expressing cytosolic apoaequorin (Aeq
cyt
) in Col-0 back-ground 
(pMAQ2) was a kind gift from Prof. M. Knight (Knight et al., 1991). Mutagenesis was 
performed using 0.4 and 0.2% EMS (Arabidopsis: A Laboratory Manual, ISBN: 0–87969–
573–0). Individual M2 seeds were grown on HL medium containing 1% agar in square plates 
(120 x 120 x 16 mm). After stratification at 4°C for 48 h, plates were kept vertically to grow 
the roots on the surface of the medium and incubated for 16-18 days at 20 ± 1°C under LD 
conditions and 80 µmol m
-2
 sec
-1
 (Vadassery et al., 2009; Johnson et al., 2011a).  
 
Mutant screening by [Ca
2+
]cyt measurement 
Aequorin based luminescence measurements were performed using 18-day old individual M2 
plants grown on HL medium (Vadassery et al., 2009; Johnson et al., 2011a). pMAQ2 plants 
(WT) served as control. For [Ca
2+
]cyt 
 
measurements, approximately 70% of the roots per 
seedling were dissected and incubated overnight in 150 µl of  7.5 µM coelentrazine (P.J.K. 
GmbH, Germany) in the dark at 20 °C in a 96 well white plate. Bioluminescence counts from 
roots were recorded as relative light units (RLU) with a microplate luminometer (Luminoskan 
Ascent, Thermo Electro Corporation, Finland). The mutant screen was performed with the 
CWE from A. brassicae, the putative M2 mutants were rescued and transferred to pots 
containing garden soil and vermiculite at 9:1 (v/v) for further screening and validation. The 
mutant seedlings were grown in a temperature-controlled growth chamber at 20°C under SD 
condition (8 h light and 16 h darkness) for 4 weeks followed by LD condition (16 h light and 
8 h darkness) with a light intensity of 100 µmol m
-2
 sec
-1
 in Aracon tubes. The seeds were 
Manuscript VI 
 
 
 - 151 - 
 
harvested from individual M3 plants and again screened to obtain homozygote mutants.  
 
Growth conditions and maintenance of Alternaria brassicae 
The pure culture of A. brassicae (FSU-3951) was obtained from Jena Microbial Resource 
Centre, FSU Jena, Germany and grown on Potato Dextrose Agar (PDA) medium (pH 6.5) at 
20±1°C in a temperature controlled chamber under 12/12 h light/dark and 75% relative 
humidity for 2 weeks. To maintain the virulence, the fungus was inoculated to Arabidopsis 
seedlings and re-isolated from the infected tissues periodically (Johnson et al., 2013).  
 
Preparation of A. brassicae spore suspension  
A. brassicae sporulates heavily in Potato Dextrose Broth (PDB; pH 6.5-6.7). A two-week old 
fungal plug (5 mm diameter) was inoculated to PDB and incubated for 2 weeks. The medium 
was removed by filtering through 4 layers of sterilized nylon membrane, and the hyphae and 
spores were washed 3 times with sterile H2O to remove the residual medium. The spores and 
hyphae were gently homogenized with 50 ml of sterile H2O and filtered through four layers of 
sterilized nylon membrane. The spore concentration was adjusted to 10
4
-10
5
 colony forming 
units (cfu) ml
-1 
by serial dilutions or a Haemocytometer. For uniform dispersion of spores, 1-2 
drops of Tween-20 was added to 100 ml of spore suspension (Johnson et al., 2013).  
 
Inoculation of A. brassicae to roots, seedlings and mature leaves  
For root infection, 12-day old seedlings were transferred to fresh PNM plates with a sterilized 
nylon membrane (for details see Johnson et al., 2011b). A five mm fungal plug from 2-week 
old A. brassicae was kept 1 cm away from the roots. The plates were sealed with parafilm and 
incubated in a temperature controlled growth chamber under LD condition.  Leaf infections 
were performed 48 h after the transfer of 12-d old seedlings to PNM plates (for details see 
Johnson et al. 2013). Six leaves in the middle whorl of the seedlings were inoculated with 5 µl 
of spore suspension containing 10
4
-10
5
 cfu ml
-1
. Leaf infection was also performed with 
detached leaves to assess the susceptibility or resistance of seedlings against A. brassicae. 
Mature leaves were detached from 4-week old plants grown under SD condition at 20°C and 
80 µmol m
-2
 sec
-1
. Sterile Whatmann filter paper was placed on a Petri dish and sterile H2O 
was added to just soak the filter paper. Detached leaves were kept on the soaked filter paper 
and inoculated with 10 μl of the spore suspension containing 104 to 105 cfu ml-1 directly on to 
leaves. Mock treatment was performed with sterile H2O. The plates were sealed with parafilm 
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and incubated under LD conditions as described above. The progression of disease develop-
ment was determined as PDI at 3, 5, 7 and 10 dai using standard disease intensity grades. For 
the toxin treatment, 10 μl of the A. brassicae toxin prepatation was applied directly on the 
detached leaves, mock treatment was performed with sterile H2O.  
 
Preparation of the CWE from A. brassicae  
The CWE was prepared according to the protocol of Johnson et al. (2011a). Mycelia from 15-
day old PDB cultures were harvested and used for the CWE preparation. The CWE was 
further purified by passing it through a reversed phase Supelclean LC-18 SPE cartridge (bed 
wt., 10 g; volume, 60 ml; pore size, 60A
0
; cat. no. 57136 of Sigma-Aldrich, Taufkirchen, 
Germany). The fractions were identified by [Ca
2+
]cyt measurements, combined and used for 
growth assays (Johnson et al., 2011a).  
 
Preparation of exudates preparations from mycelia (EPM) and germinating spores 
(EPS) of A. brassicae 
A. brassicae mycelium, propagated on PDB for 14 days, was filtered through four layers of 
sterilised nylon membrane and intensively washed seven times with sterile H2O to remove the 
medium and spores. After air drying of the mycelium for 1 h, it was resuspended in 100ml 
sterile H2O and incubated at 20
0
C in a horizontally rotating shaker at 60 rpm. After 48 h, the 
mycelium was removed from the water by filtering through 4 layers of sterile nylon 
membrane, then through 2 layers of filter paper and finally filter-sterilized using a 0.22 µ 
filters to get EPM. For preparing EPS, the spore suspension was prepared with an inoculum 
concentration of 10
7
-10
8
 cfu ml
-1
 (Johnson et al., 2013) and incubated for 48 h at 20
0
C in a 
horizontally rotating shaker at 60 rpm. By this time, more than 90% of spores are germinated 
and filtered through 4 layers of sterile nylon membrane, then through 2 layers of filter paper 
and finally filter-sterilized using a 0.22 µ filters. EPM and EPS were further purified using  a 
reverse phased Supelclean LC-18 cartridge to obtain the active and partially pure fractions 
(Johnson et al., 2011a), which were used for [Ca
2+
]cyt measurement and growth assays. 
 
A. brassicae toxin preparation  
A toxin preparation from A. brassicae culture filtrate was extracted as described by 
Vidhyasekaran et al. (1997).  The crude toxin preparation was further purified by passing it 
through a Sephadex G100 column and the active fractions were collected, concentrated and 
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lyophilised. The powder was resuspended in sterile H2O and further purified by passing it 
through a reversed phase Supelclean LC-18 SPE cartridge. The active fractions were collected 
and used as stimulus for [Ca
2+
]cyt measurement and growth assays. Further fractionation of 
CWE, EPM, EPS and the toxin is described along with Suppl. Fig. 2.  
 
Pharmacological analyses 
All chemicals used for pharmacological analysis were obtained from Sigma, Germany except 
staurosporine which was purchased from LC Laboratories MA 01801, USA. Stock solutions 
were prepared either in sterile H2O or in DMSO. The influence of the DMSO in the final 
concentration after chemical dilution was tested as an additional control. 
 
Germination, growth of seedling and root assays   
The surface-sterilized seeds of wild type (pMAQ2) and the ab-cycam1 mutant were placed on 
MS medium. For drought and water stress experiments, different concentrations of mannitol 
were added before autoclaving and ABA were added after autoclaving. WT and ab-cycam1 
mutants were also grown on MS medium alone or supplemented with the [Ca
2+
]cyt -inducing 
fractions or different chemicals at concentrations mentioned in the text. After cold treatment 
at 4°C for 48 h, plates were incubated at 20°C under LD condition, 80 µmol m
-2
 sec
-1
 for 10-
20 days depending on the experiments.  
 
Measurement of photosynthesis parameter  
Two-week old Arabidopsis seedlings grown on MS medium were dark-adapted for 20 min 
and the chlorophyll fluorescence was measured at room
 
temperature using a video imaging 
with a pulse amplitude-modulated FluorCam 700F (Photon System Instruments,
 
Brno, Czech 
Republic). Program parameters of FluorCam were essentially
 
according to Wagner et al. 
(2008). Photosynthesis parameters; quantum yield of PSII (ΦPSII), maximum quantum yield of 
PSII (Fv/Fm), photochemical quenching (qP) and non-photochemical quenching
 
(NPQ) was 
calculated based on Maxwell and Johnson (2000). False color images of the seedlings in 
plates were obtained as described by Wagner et al. (2008). Chl fluorescence images 
representing Fs/Fm values are shown, whereas blue represent low Fs/Fm values above a 
threshold of 0.06 and red represents high Fs/Fm values with an upper threshold limit of 0.17. 
 
Phytohormone, camalexin and glucosinolates measurements by HPLC  
For phytohormones measurement, approximately 100 mg of leaf material was extracted with 
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1.2 ml of methanol containing internal standards of different phytohormones. For camalexin 
and glucosinolates measurements, 40-50 mg of leaf material was extracted with 80% 
methanol. Phytohormones, camalexin and glucosinolates are measured using Agilent 1100 
HPLC system, Agilent Technologies, Waldbronn, Germany. The detailed protocol is described 
in the supplemental material 1.  
 
Semi quantitative reverse transcription-PCR Analysis 
Total RNA was extracted using RNeasy Plant Mini kit with DNAse I treatment (Qiagen). 
cDNA was synthesized using the Omniscript cDNA synthesis kit (Qiagen) with 1 µg RNA. 
Semi-quantitative RT-PCR was performed using 1:4 fold diluted cDNA. The oligonucleotide 
primers are given in Supplemental Material 2. The mRNA levels for each cDNA probe were 
normalized with respect to the GAPDHC message levels and expressed relative to the WT 
control.  
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5. Discussion 
 
Molecular communications between plant and the interacting microbes commence 
immediately after the microbes make contact with the plant surface or in some case even 
before their physical contact. Beneficial and pathogenic fungi release many compounds e.g. 
oligosaccharides, peptides/proteins, glycoproteins, lipids and lipoproteins for its interaction 
with plant cells. Some of these compounds may act as beneficial microbe-associated 
molecular patterns (bMAMP) as in P. indica or pathogen-associated molecular patterns 
(PAMPs) or effectors as in A. brassicae. bMAMPs, PAMPs and effectors are evolutionarily 
conserved molecules in microbes which help them to lead their microbial life style either as 
endosymbionts or as pathogens. bMAMPs, PAMPs and effectors also act as molecular cues 
for successful recognition and subsequent downstream responses leading to either beneficial 
or pathogenic interactions. The vast structural diversity of fungal factors suggests that there is 
no common microbial motif to initiate the molecular dialogues with the host cells, and that 
plants might have evolved versatile perception systems for microbe-derived structures. In this 
thesis, the effects of a P. indica-derived factor on growth promotion, and of A. brassicae-
derived factors on plant defense are analysed.  
 
5.1 Pi-504 is the active factor in the cell wall extract of P. indica and Pi-504-induced 
[Ca
2+
]cyt elevation promotes growth in Arabidopsis  
bMAMPs- and PAMPs-dependent [Ca
2+
]cyt changes play a crucial role in cell signal 
transduction, modulating an array of biological processes involved in growth, development, 
symbiosis and defense. A. thaliana (Col-0) expressing the bioluminescent Ca
2+
 binding 
apoaequorin in the cytosol is used to study the role of [Ca
2+
]cyt changes in the beneficial 
interaction between A. thaliana and P. indica. Perception of beneficial microbes and their 
bMAMPs leading to [Ca
2+
]cyt elevation is one of the earliest physiological events that can be 
measured in plant cells (Navasio et al. 2007; Kosuta et al. 2008; Vadassery et al. 2009a). The 
active component(s) from the fungal CWE induce(s) [Ca
2+
]cyt elevation in roots and stimulates 
the growth of Arabidopsis (Vadassery et al. 2009a; Johnson et al. 2011a, 2013b) and Chinese 
cabbage seedlings (Lee et al. 2011; Johnson et al. 2013a), as the fungus does. The biologically 
active component in the Pi-CWE was purified as a trisaccharide (C18H32O16) with m/z of 
505.1748 (Pi-504). Pi-504 induces [Ca
2+
]cyt elevation in a dose-dependent manner with a 
distinct Ca
2+
 signature, i.e. a lag time, peak time, duration and shape in roots. Acid hydrolysis 
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cleaved the trisaccharide into monomers, glucose and galactose, which did not induce [Ca
2+
]cyt 
elevation. Pi-504 also promoted the growth of tobacco seedlings, as the fungus does. 
Therefore, growth promotion can be uncoupled from root colonisation by the fungus. Growth 
promotion by Pi-504 was less compared to the fungus-induced growth promotion in 
Arabidopsis and tobacco seedlings, as the fungus constantly interacts with and releases the 
signaling molecule to the host plants. Two well characterized bMAMPs, the Myc factor 
lipochitooligosaccharides from arbuscular mycorrhizal fungi (Maillet et al. 2011) and the Nod 
factor lipochitooligosaccharides from rhizobia (Ehrhardt et al. 1996) also induce  [Ca
2+
]cyt  
elevation in their respective host roots (Navazio et al. 2007;  Kosuta et al. 2008). The 
endosymbiotic interaction of P. indica with plant roots results in acquisition of more nitrogen 
by modulating N2 metabolism and phosphate uptake from the environment (Sherameti et al. 
2005; Yadav et al. 2010). Like the fungus, Pi-504 stimulates Nia1 and Nia2 expression, genes 
involved in nitrogen metabolism, and Pht1.1 and Pht1.5 expression, genes involved in 
phosphate uptake and transport. Pi-504 may be a highly conserved bMAMP in P. indica which 
helps the fungus to perform the endosymbiotic lifestyle in a variety of host plants. This should 
be confirmed genetically with the mutant of P. indica which lacks Pi-504. Pi-504 is a simple 
oligosaccharide and composed of carbon, hydrogen and oxygen, which form the back-borne of 
many biomolecules. The small and simple nature of Pi-504 may helps the fungus to colonise 
the such a broad host spectrum including bryophytes, pteridophytes, gymnosperms and a large 
number of angiosperms with agriculturally and horticulturally important crop plants (c.f. 
Oelmüller et al. 2009; Franken 2012; Qiang et al. 2012a; Varma et al. 2012), in contrast to the 
complex Myc- and Nod-factors (Figure 6), which may be responsible for their host specificity. 
P. indica can also survive and form endosymbiosis in diverse and extreme agroclimatic 
conditions, for example with xerophytes grown in deserts and conifers grown in Himalayas 
under extreme cold conditions.   
 
5.2 P. indica-dervived auxin is not involved in growth promotion   
Auxins are crucial for lateral root production, cell expansion, cell division and cell 
differentiation (Ludwig-Müller and Güther 2005). Microbes interfere with the plant auxin 
synthesis, metabolism, signaling and transport (Vadassery et al. 2008; Lee et al. 2011; 
Johnson et al. 2013a). Sirrenberg et al. (2007) proposed that auxin released by P. indica is 
responsible for growth promotion and the morphological changes in the roots. However,  
under our growth condition, both free and conjugated indole-3-acetic acid (IAA) levels were  
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   * pictures from internet 
Figure 6. Comparison of different beneficial microbe associated molecular patterns (bMAMP) from three 
well known endosymbionts which induce cytosolic calcium signaling in their respective host plants. Pi-504 
from P. indica is a simple and low molecular weight trisaccharide with carbon, hydrogen and oxygen, and fungus 
has a wide host range; whereas Myc- (mycorrhiza) factor and Nod- (nodulation) factors are lipochito-
oligosaccharides (LCO) with more elemental compositon, e.g.  carbon, hydrogen, oxygen, nitrogen and sulphur 
elemental composition with complex structures have limited hosts.  
 
not changed in colonized and mock-treated Arabidopsis seedlings even though the fungus 
promoted growth. Moreover, large scale microarray analysis and gene expression studies in 
Arabidopsis roots colonized by P. indica, did not show induction of genes involved in the 
biosynthesis, signaling and transport of  auxin (Vadassery et al. 2008; Lee et al. 2011). In 
addition, mutants with reduced auxin levels (ilr1-1, nit1-3, tfl2, cyp79 b2b3, aux1, aux1 axr4, 
rhd6) responded to P. indica, which indicated that severe alterations in auxin homeostasis in 
Arabidopsis do not prevent the growth response to P. indica (Vadassery et al. 2008; Lee et al. 
2011; Johnson et al. 2013a). Interestingly, the auxin overproducer sur1-1 with a dwarf 
phenotype responds more sensitively to P. indica and its dwarf phenotype is almost rescued 
by the fungus. P. indica reduces the free auxin level by converting it to its inactive conjugates 
(Vadassery et al. 2008). These results strongly suggest that the P. indica mediated growth 
promotion in Arabidopsis is largely independent of auxin biosynthesis and signaling, although 
all growth processes require auxin. We conclude that at least auxin released by the fungus is 
not responsible for the growth response of the plants, which is further supported by the 
observation that exogenously applied auxin cannot replace the fungus. Finally, a HPLC-
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purified Pi-CWE and Pi-WDE (water diffusible extract) from the fungus, which do not 
contain auxin, promoted growth of Arabidopsis and Chinese cabbage seedlings (Lee et al. 
2011; Johnson et al. 2013a). However, auxin plays an important role in P. indica mediated 
growth promotion in Chinese cabbage and barley, as the auxin level increased and auxin-
related genes were upregulated after the colonization (Schäfer et al. 2009a, b; Sun et al. 2010; 
Lee et al. 2011; Hilbert et al. 2012). Apparently, auxin signaling is more important for P. 
indica-induced growth promotion in Chinese cabbage than in Arabidopsis (Lee et al. 2011). 
Furthermore, an exudate component from P. indica but not auxin stimulated growth of 
Chinese cabbage and Arabidopsis seedlings (Lee et al. 2011; Johnson et al. 2013a). We 
propose that activation of auxin biosynthesis and signaling in the roots but not the auxin 
produced by the fungus is the cause for the P. indica- and Pi-504- mediated growth phenotype 
in Chinese cabbage.   
 
5.3 Establishment of a qualitative high-throughput Ca
2+
-based screening system and 
isolation of [Ca
2+
]cyt mutants non-responsive to Pi-504 
A non-destructive high throughput mutant screening method with 96-well plate in 
combination with a plate-reader luminometer was established to isolate mutants which do not 
respond to Pi-504 with regard to [Ca
2+
]cyt elevation (Nongbri et al. 2012; Johnson and 
Oelmüller 2013; for the detailed protocol in Vadassery et al 2009a; Johnson et al 2011a). By 
this method 96 samples could be measured within 1 h. Screening of EMS-mutagenized M2 
populations of pMAQ2 resulted in the isolation of mutants which do not show [Ca
2+
] 
elevation to Pi-504 (pi-cycam - cytosolic calcium mutant to Pi-504). More than 2.40.000 
seedlings were screened to obtain mutants which do not show any pleotropic phenotype. To 
determine the inheritance pattern of the mutated gene(s), the mutants were backcrossed to 
their ancestor WT (pMAQ2) which resulted in the complete restoration of [Ca
2+
]cyt elevation 
to Pi-504 in ~25% of F2 progenies. Therefore, the mutation is a recessive and qualitative trait. 
To determine whether the mutants are allelic, complementation analysis was performed by 
intercrossing all four mutants. All F1 progenies did not show [Ca
2+
]cyt elevation to Pi-504 
which demonstrates that the four mutants are allelic. A future task is to identify the mutated 
gene by map-based cloning strategies. To initiate this, I crossed the mutant with WT La-er 
(Ler-0) and selected those F2 plants with La-er phenotype which did not show [Ca
2+
]cyt 
elevation to Pi-504.  Chromosomal marker analysis (Bell and Ecker 1994; Lukowitz et al. 
2000) suggests that the mutated gene is linked to chromosome 1 (Table 1).  
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Table 1. Chromosome mapping of Pi-CYCAM - cycam was crossed with WT (La-er) and 
selected only those F2 plants with La-er phenotype having Pi-CYCAM (36 plants) for the  
chromosome mapping.  Both pMAQ2 (Col-0) and La-er with aequorin were used as the 
positive control.  
 
 
Markers 
PCR product (C for Col-0) or (L for La-er) 
pMAQ2 (Col-0) (La-er) Mapping Population 
C
h
ro
m
o
so
m
e 
1
 1 nga 280 C L C 
2 nga 111 C L C 
3 nga 128 C L C 
4 nga 59 C L C 
5 nga 63 C L C 
6 T27K 12-Sp6 C L C  
C
h
ro
m
o
so
m
e 
2
 
1 nga 168 C L L 
2 nga 1145 C L L 
3 nga 1126 C L L 
4 nga 361 C L L 
5 Ath BIO2b C L  L  
C
h
ro
m
o
so
m
e 
3
 
1 nga 162 C L C+L 
2 nga 6 C L C+L 
3 nga 112 C L C+L 
4 nga 126 C L C+L 
5 nga 172 C L C+L 
6 Ath GAPAb C L C+L 
7 nga 707 C L C+L 
C
h
ro
m
o
so
m
e 
4
 
1 nga 8 C L  L  
2 nga 12 C L L 
3 nga 1111 C L L 
4 nga 1139 C L L 
5 nga 1107 C L L 
C
h
ro
m
o
so
m
e 
5
 
1 nga 76 C L C+L 
2 nga 151 C L C+L 
3 nga 225 C L  C+L  
4 nga 249 C L C+L 
5 nga 106 C L C+L 
6 nga 139 C L C+L 
7 Ath PHYC C L C+L 
 
5.4 Pi-CYCAM mutants are impaired in growth promotion to Pi-504 and P. indica  
Large scale screening of an EMS mutagenized seedlings resulted in the isolation of pi-cycam 
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which do not induce [Ca
2+
]cyt  elevation in response to Pi-504. Interestingly, Pi-504 also fails 
to promote growth in mutants. We propose that the Pi-504-induced [Ca
2+
]cyt elevation is 
essential for growth promotion in Arabidopsis seedlings. To our knowledge, this is the first 
genetic evidence linking the [Ca
2+
]cyt  elevation and growth promotion in endosymbiosis. Pi-
CYCAM mutants also showed more than 70% reduced growth promotion to P. indica 
compared to WT in our cocultivation experiment (detailed protocol in Johnson et al. (2011b)). 
It is assumed that the fungus may be producing more than one compound that are involved in 
growth promotion or also using some other mechanisms to stimulate growth promotion. In the 
present study, the mRNA levels of Nia1 and Nia2 involved in nitrogen metabolism (Sherameti 
et al. 2005) and Pht1.1 and Pht1.5  involved in phosphate uptake (Yadav et al. 2010) were 
upregulated in WT compared to pi-cycam. Therefore, the genes involved in primary 
metabolism of nitrogen and phosphorus are the direct target of the fungus and Pi-504. The 
fitness of the seedlings to photosystems by measuring various chlorophyll (chl) fluorescence 
parameters,  for example, maximum quantum yield of photosystem II (PSII) (Fv/Fm), quantum 
yield of PSII (ΦPSII), photochemical quenching or proportion of open PS II (qP) and non-
photochemical quenching (NPQ) (Maxwell and Johnson 2000) shows that ΦPSII, qP and NPQ 
are significantly decreased in pi-cycam compared to WT. The efficiency of the photosynthetic 
electron transport (ΦPSII, qP) and the ability of heat dissipation of photochemical energy 
(NPQ) are impaired to a lesser extent in the chloroplasts of pi-cycam.  Therefore, we propose 
that the Pi-504-induced [Ca
2+
]cyt elevation is directly involved in enhanced photosynthesis, 
nitrogen metabolism and phosphate uptake which, in turn leads to growth promotion in A. 
thaliana seedlings (Figure 7).  
 
5.5 Beneficial and pathogenic fungal components require CYCAM for [Ca
2+
]cyt elevation  
The EMS-mutagenized M2 populations of pMAQ2 were also screened with a CWE from A. 
brassicae. This necrotrophic fungus is highly specific to crucifers and causes severe crop loss 
(Bains and Tewari 1987). We isolated homozygous mutants which do not respond to the 
CWE. Interestingly, the homozygous mutants (ab-cycam - cytosolic calcium mutants to Ab-
CWE), which do not respond to the CWE from A. brassicae responded normally to the toxin 
preparation from A. brassicae, but did not respond to the exudates preparation from mycelium 
(EPM) and germinating spores (EPS) from A. brassicae and to Pi-504 from P. indica. Later, 
we found that both pi-cycam and ab-cycam are allelic and the mutants are renamed as cycam 
(cytosolic calcium mutant). cycam was further tested with CWE and EPM preparations from 
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Figure 7. Proposed model showing the role of cytosolic Ca2+ signaling in beneficial and pathogenic fungal 
interactions in Arabidopsis thaliana. Cytosolic Ca2+ signaling cascades by P. indica and Pi-504 leading to 
endosymbiosis are shown in green lines and boxes. A. brassicae-CWE/EPM/EPS-induced cytosolic Ca2+ 
signaling resulting in tolerance to A. brassicae infection is shown in blue lines and boxes. Pi-504- and Ab-
CWE/EPM/EPS- induced cytosolic Ca2+ signaling cascades leading to growth promotion and plant defense 
respectively, repress the Ab-toxin-induced Ca2+ signaling cascades which leads to hypersusceptibility to A. 
brassicae infection mainly by deregulating the tight control of ROS production. Ab-toxin-induced Ca2+ signaling 
cascades leading to hypersusceptibility to A. brassicae infection are shown  in brown lines and boxes  (Ab, 
Alternaria brassicae; ABA, abscisic acid; aGLS, aliphatic glucosinolates; APX, Ascorbate peroxidase; At-BG1, 
Arabidopsis thaliana β-glucosidase; [Ca2+]cyt, cytosolic calcium;  CaM, calcium calmodulin; CBL, calcineurin B-
like calcium sensor; CDPK, calcium dependent protein kinase; CNGC, cyclic nucleotide gated ion channel; 
CSD, copper superoxide dismutase; CWE, cell wall extract; DHAR, dehydroascorbate reductase; EPM, exudates 
preparation from mycelium; EPS, exudates preparation from germinating spores; FSD, iron superoxide 
dismutase; JA, jasmonic acid; ((+)-7-iso-JA-Ile), (+)-7-iso-jasmonoyl-1-isoleucine; MAPK, mitogen activated 
protein kinase; MDAR, monodehydroascorbate reductase; NCED, nine-cis-epoxycarotenoid dioxygenase; Nia, 
nitrate reductase; Pht, phosphate transporter; Pi, Piriformospora indica; ROS, reactive oxygen species; RRTF1, 
redox responsive transcription factor1; TF, transcription factor; TOC, timing of CAB expression). 
 
another endophytic beneficial fungus, Acremonium alternatum (Jäschke et al. 2010), and 
different pathogenic fungi, e.g. Rhizoctonia solani (FSU 1137), Fusarium solani (FSU 5059) 
and the oomycete, Phytophthora parasitica var. nicotianae (FSU 746).  cycam did not 
respond to all of these preparations which suggest that the isolated mutant has a general defect 
in responding to fungal signals with regard to [Ca
2+
]cyt elevation. Interestingly, CYCAM 
mutant responded like WT to the CWE from another fungus, Mortierella hyalina (FSU 509). 
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The active component from Mh-CWE was separated first with a LC-18-DB column, 25cm x 
4.60 mm ID (Suppelco), then with a Symmetry 250 × 2.1 mm column packed with 3 μm C18 
stationary phase (Waters) and finally purified with an Acclaim C18 Column, 250 x 2.1 mm, 
2.2 μm, (Dionex). Acetonitrile:water gradient was used as the mobile phase for 30 min run 
with a flow rate of 1 ml/min for HPLC and 0,3 ml/min for UPLC columns.  Mh-CWE is 
purified as Mh-222 with m/z of 223.0599 (Figure 8). 
 
Figure 8. Purification of Mh-222 
from Mh-CWE. Mh-222 was 
purified from the Mh-CWE as 
described earlier based on its 
property to induce [Ca2+]cyt 
elevation in Arabidopsis seedlings 
(WT and mutants). Mh-222 has an 
accurate molecular mass of m/z  
223.0599. The chromatogram of 
Mh-222; RT=17.87 (A) and the 
high resolution LC-MS spectrum 
corresponding to RT=17.87 min 
(B) are shown.  
 
 
 
 
Plants have evolved an elaborate system of generating [Ca
2+
]cyt elevation which consists of 
a receptor, Ca
2+
 channels and pumps to control Ca
2+
 entry into cytoplasm, from apoplast and 
different cellular organelles that stores Ca
2+
 (Hetherington and Brownlee 2004; Reddy et al. 
2011).   Refractive nature of receptor studies shows that perception of different beneficial and 
pathogenic fungal signals, and subsequent [Ca
2+
]cyt elevation are done by the same gene 
(CYCAM) except for the A. brassicae-toxin preparation, Mh-222 and chitin oligomers. Many 
well known receptors which perceive MAPM/PAMP have kinase domain, and modulate 
different developmental and stress related biological process in plants (Ranf et al. 2011, 2012; 
Wan et al. 2011, 2012; Vaid et al. 2013). Mutants with loss-function-of LYK1/CERK1 (Lysin 
motif-containing receptor-like kinase1/chitin elicitor receptor kinase1) resulted in the 
complete abolition of [Ca
2+
]cyt elevation to different chitin oligomers and was highly 
susceptible to A. brassisicola (Wan et al. 2012; Tanaka et al. 2013). Total inhibition of 
different stimuli induced-[Ca
2+
]cyt elevation by staurosporine, a kinase inhibitor suggests 
CYCAM contains a functional kinase domain. The above studies indicate that CYCAM may 
High resolution mass spectrum corresponding to RT=17.87 
Chromatogram of Mh-222; RT=1 to 22 min 
B 
A 
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be a receptor. Ca
2+
-permeable channels present in the cell membrane or different membrane-
bound organelles which store Ca
2+
 are the key entry points for Ca
2+
 into cytosol (Sanders et 
al. 2002). [Ca
2+
]cyt elevation is attributed to Ca
2+
 influx through specific Ca
2+
 selective 
channels, both at the whole-cell and single channel level (c.f. Hetherington and Brownlee 
2004). Ca
2+
-permeable channels in Arabidopsis are encoded by 41 genes of the cyclic 
nucleotide gated channel (CNGC), glutamate receptor channel (GLR), and the two pore 
calcium channel (TPC) (c.f. Hetherington and Brownlee 2004). Lesion in Ca
2+
 channels and 
pumps impairs PAMP/MAMP induced-[Ca
2+
]cyt elevation and affects the defense gene 
activation. In Pep/-PEPR (plant elicitor peptide/plant elicitor peptide receptor) system, Pep-
induced [Ca
2+
]cyt elevation is attributable to cGMP activation of a Ca
2+
 channel, CNGC2 and 
lesion in PEPR  significantly reduced [Ca
2+
]cyt elevation induced by Pep and were more 
susceptible to bacterial infection (Qi et al. 2010; Ma et al. 2012). Similarly, other well studied 
flg22/FLS2 (flagellin 22/Flagellin-Sensitive 2), elf18/EFR (elongation factor Tu/Elongation 
factor Tu receptor) and elf18/BAK1 (Brassinosteroid receptor 1-Associated Kinase 1) 
systems, lesions in Ca
2+
 channels also affected [Ca
2+
]cyt elevation and the performance of 
mutants to biotic and abiotic stress (Chinchilla et al. 2009; Ranf et al. 2011, 2012). But in the 
above systems, lesions in Ca
2+
 channels did not completely inhibit [Ca
2+
]cyt elevation. We 
propose that CYCAM is a general but very important gene to induce [Ca
2+
]cyt elevation in 
response to signaling molecules from the beneficial endosymbionts and pathogenic fungi, and 
may be either a general receptor or a major Ca
2+
 channel or pump.  
 
5.6 CYCAM is essential for tolerance to abiotic and biotic stress  
[Ca
2+
]cyt elevation is pivotal for the rapid response of plants to biotic and abiotic stress 
(Lecoureux et al. 2006; Dodd et al. 2010). cycam was more sensitive to salt, water, drought 
and oxidative stress. The importance of [Ca
2+
]cyt is well demonstrated in water-,  drought-, 
salt- (Knight et al. 1997) and oxidative- (Klüsener et al. 2002) stress signals in Arabidopsis. It 
is well-known that both ABA- and H2O2-induced [Ca
2+
]cyt elevations in guard cells regulate 
the opening and closing of stomata which in turn control the absorption of water and nutrients 
(Schroeder et al. 2001; Klüsener et al. 2002). The mutants were more sensitive to paraquat 
which induces endogenous ROS and 3-aminotriazole which induces endogenous H2O2 levels 
in tissue. Therefore, we propose that CYCAM is also involved in abiotic stress responses.  
The mutants were also hypersusceptible to A. brassicae infection and more sensitive to A. 
brassicae-toxin preparation. A. brassicae produces host specific toxins which can also mimic 
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the symptoms as the fungus does (Walton 1996; Moebius and Hertweck 2009; Pedras and 
Khallaf 2012). High percentage disease index (PDI) and low biomass in cycam with A. 
brassicae infection clearly shows that there is break down of defense and CYCAM is very 
crucial for conferring resistance against A. brassicae infection (Figure 7). Moreover, Pi-504- 
and Ab-CWE-, EPM-, and EPS- induced signaling cascades may be repressing the Ab-toxin-
induced signaling cascades involved in enhanced susceptibility to A. brassicae (Figure 7).  
PAMP-induced [Ca
2+
]cyt changes are one of the early steps in pathogen perception and are 
attributed to activate the plant's surveillance system against the attempted pathogen invasion 
by modulating an array of defense responses in plants (Lecourieux et al. 2006; Dodd et al. 
2010).  
 
5.7 Hypersusceptibility of cycam to A. brassicae is correlated to high ABA and low (+)-7-
iso-JA-Ile levels 
ABA, SA and JA play key roles in mediating disease response to different fungal pathogens 
(c.f. Mauch-Mani and Mauch 2005; Bari and Jones 2009; Vlot et al. 2009). Studies with 
bitrophic, hemibiotrophic and necrotrophic pathogens on ABA mutants demonstrated that 
ABA is a negative regulator of plant defense (Mauch-Mani and Mauch 2005; Fan et al. 2009; 
Sanchez-Vallet et al. 2012). The hypersusceptibility of cycam to A. brassicae and its toxin is 
positively correlated to higher expression of major ABA biosynthesis genes (AtBG1, NCED3 
and TOC1) and higher ABA levels (Figure 7). The ABA levels were already higher in cycam 
even when not exposed to stress, and they were more sensitive to the exogenous ABA 
application compared to WT. Therefore, elevated ABA in the mutant may be one reason for its 
hypersusceptibility to A. brassicae infection. A.brassicae infection also induced SA and SA-
responsive genes, e.g.  PRI and NPR1 in mutant and WT seedlings, and these effects were 
stronger in the mutant which demonstrates the involvement of CYCAM in the SA response. 
SA has both negative and positive roles in plant defense against different fungal and bacterial 
pathogens (Vlot et al. 2009; Zhao et al. 2013). A phospholipase Dβ1 (pldβ1) mutant and 
mutants impaired in phosphatidic acid (PA) biosynthesis were more susceptible to B. cinerea 
infection compared to the WT, and this was positively correlated to a higher SA level in the 
infected mutant plants (Zhao et al. 2013), similar to our observations with cycam. PLDβ1 
binds Ca
2+
, hydrolyzes phospholipids to generate PA which is involved in hormone signaling 
and disease resistance (Camehl et al. 2011; Zhao et al. 2013).  Therefore CYCAM-mediated 
[Ca
2+
]cyt elevation may effect PLDβ1 expression and PLDβ1 activation.  
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JA has a critical role in both resistance and susceptibility against bacterial and fungal 
pathogens (Thomma et al. 1998; Bari and Jones 2009; Egusa et al. 2009; Pieterse et al. 2012). 
A. brassicae infection induced a JA burst in cycam and WT eventhough its precursor, cis-
OPDA (cis-12-oxo-phytodienoic acid), did not show a substantial increase. The JA burst was 
much higher in cycam compared to WT which is positively correlated with the higher 
expression levels of MYC2, VSP2, JAZ1, Thi2.1 and PDF1.2.  Upregulation of a marker gene 
of the MYC branch (VSP2) and of the ERF branch (PDF1.2) in cycam suggests that both 
branches of the JA pathway are involved in the higher susceptibility to A. brassicae 
infections. Necrotrophic fungal infection increases JA levels in Arabidopsis (Egusa et al. 
2009; Su’udi et al. 2011). However, (+)-7-iso-jasmonoyl-1-isoleucine ((+)-7-iso-JA-Ile), the 
biologically active form of JA (Bednarek et al. 2009, 2011; Fonseca et al. 2009) was induced 
stronger in WT compared to cycam, and is positively correlated to the enhanced resistance in 
WT (Figure 7). A positive role of JA in defense response was also reported in different 
pathosystems (Zhao et al. 2013). Loss of function of CYCAM might impair the activity of 
enzymes which convert JA to (+)-7-iso-JA-Ile in the cytosol (Fonseca et al. 2009). The 
enhanced level of (+)-7-iso-JA-Ile in WT is positively correlated to the enhanced tolerance to 
A. brassicae infection in WT. Therefore, loss-of-function of CYCAM not only results in high 
induction of ABA, but also lower induction of (+)-7-iso-JA-Ile which makes cycam 
hypersusceptible to A. brassicae infections. 
 
5.8 Hypersusceptibility of cycam to A. brassicae is positively correlated to ROS 
amplification  
Phytopathogens and their PAMPs induce ROS and H2O2 as one of the earliest defense 
responses (Mittler et al. 2004; Lecourieux et al. 2006; O’Brien et al. 2012). The 
endosymbionts AMF and P. indica, and their bMAMPs did not induce ROS (Navazio et al. 
2007; Vadassery et al. 2009a). We could show that Pi-504 and P. indica did not induce, 
whereas A. brassicae infection and Ab-toxin treatment induced ROS and H2O2 in both WT 
and cycam, but the induction was much higher in cycam compared to WT. Different ROS and 
H2O2 marker genes e.g. RRTF1, bHLH, zinc finger CCCH, AP2/EREBP, DSR, and OMT, 
OXI1 and DIN11 (Rentel et al. 2004; Mehterov et al. 2012) were upregulated more in the 
mutant compared to WT.  Furthermore, different ROS scavenging enzymes such as FSD1, 
CSD2, APX1, MDAR2 and DHAR5 (Mittler et al. 2004) were downregulated in the roots and 
shoots of cycam. Therefore, elevated H2O2/ROS levels together with low ROS scavenging 
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enzymes are responsible for the ROS burst and subsequently, the higher susceptibility to A. 
brassicae infection in the mutant (Figure 7). ROS at low concentration functions as signaling 
molecule for plant defense, but at higher concentration they are cytotoxic and predispose the 
cells to higher levels of infection (Heller and Tudzynski 2011; Mittler et al. 2011). ROS play a 
pivotal role in successful recognition of pathogen infection and activation of basal defense 
reactions (c.f. Torres 2010; Heller and Tudzynski 2011) and different necrotrophic fungi use 
these basal defense to facilitate their infection and successive colonization in their hosts by 
producing effectors/toxins (Gechev et al. 2004; Govrin et al. 2006; Su’udi et al. 2011; Zhao et 
al. 2013). Induction of ROS/H2O2 in biotrophic and hemibiotrophic interactions restrict 
further growth and colonization of fungi by activating secondary levels of defense in 
Arabidopsis (Heller and Tudzynski 2011; Lenz et al. 2011). Therefore, ROS/H2O2 induced 
during different plant-microbes interactions has different biological functions. H2O2/ROS 
burst to the cytotoxic level in cycam is correlated to the loss of function of [Ca
2+
]cyt elevation 
induced by Pi-504 and A. brassicae-CWE (Figure 7).  
 
5.9 Differential regulation of redox responsive transcription factor1 (RRTF1) in 
beneficial and pathogenic interactions in A. thaliana 
Redox regulated transcription factor1 (RRTF1) is an evolutionarily conserved APETALA2/-
ethylene response transcription factor (AP2/ERF) in angiosperms and is present in the major 
crop plants (Nakano et al. 2006). Khandelwal et al. (2008) reported RRTF1 for the first time 
as the major component of a core redox signaling network that includes EDS1, WRKY33 and 
different transcription factors with Zn-finger type and AP2 domains. RRTF1 is induced by 
different biotic and abiotic stress (Toufighi et al. 2005; Khandelwal et al. 2008; Mehterov et 
al. 2012; Kerchev et al. 2013), whereas biotrophic and hemibiotrophic fungi repress RRTF1 
expression (Pandey et al. 2010). Mehterov et al. (2012) reported that RRTF1 is the most 
important and sensitive ROS marker gene which is expressed in very high level in response to 
higher endogenous levels of H2O2 and ROS in Arabidopsis. We propose that RRTF1 could be 
a main hub to amplify ROS formation in plant cells. The necrotrophic pathogenic fungus A. 
brassicae stimulates RRTF1 expression which amplifies ROS/H2O2 formation in the infected 
tissues and predisposes to rapid development of disease symptoms in the overexpressor lines. 
In contrast, the root endophyte P. indica represses RRTF1, thereby ROS/H2O2 burst in the 
colonized roots locally and also systemically in shoots which helped the plants to resist or 
tolerate biotic and abiotic stress (Figure 7). Moreover, P. indica also activated ROS 
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scavenging enzymes in different cellular compartments, e.g. APX1, MDAR2 and DHAR5 in 
cytoplasm, and FSD1, CSD2 and DHAR5 in chloroplast, which helps the plant to remove 
excess ROS. We propose that P. indica represses ROS/H2O2 accumulation by downregulating 
RRTF1 and upregulating ROS scavenging enzymes, whereas A. brassicae activates 
ROS/H2O2 burst by inducing RRTF1 and repressing ROS scavenging enzymes (Figure 7). In 
Arabidopis, RbohD and RbohF are important for plant defense (Torres et al. 2002; Marino et 
al. 2012) and are synergistically activated by phosphorylation and binding of Ca
2+
 to their 
hydrophilic N-terminal regions (Ogasawara et al. 2008). [Ca
2+
]cyt elevations have been 
reported both upstream and downstream of ROS production indicating complex 
spatiotemporal Ca
2+
 and ROS elevation mechanisms (Kawano and Muto 2000; Blume et al. 
2000). Different ROS inhibitors did not inhibit the [Ca
2+
]cyt elevations induced by Pi-504 and 
A. brassicae-toxin which indicate that  Pi-504- and A. brassicae-toxin preparation-induced 
[Ca
2+
]cyt elevations are upstream of ROS induction. Crossing of pMAQ2 with rrtf1 which has 
reduced level of ROS and its overexpressors (oe18 and oe20) which accumulate more ROS to 
the cytotoxic level (Matsuo et al. 2013 revision), did not show any difference in [Ca
2+
]cyt 
elevations induced by Pi-504 and A. brassicae-toxin in the F3 progenies of rrtf1xpMAQ2, 
oe18xpMAQ2 and oe20xpMAQ2 lines. These results further reinstate that Pi-504- and A. 
brassicae-toxin-induced [Ca
2+
]cyt elevations are upstream RRTF1 which amplifies ROS 
(Figure 7).   
 
5.10. Glucosinolates restrict P. indica colonization in root and A. brassicae infection in 
shoot  
Indolic and aliphatic glucosinolates and camalexin are important sulphur containing 
secondary metabolites involved in plant defense against phytopathogens (Halkier and 
Gershenzon 2006; Bednarek et al. 2009). These secondary metabolites are either 
constitutively present or induced in response to fungal invasion (Stotz et al. 2011; Su’udi et 
al. 2011; Foley et al. 2013; Wang et al. 2013).  We demonstrate that CYP79B2, CYP79B3 and 
PAD3 involved in the camalexin and iGLS are important for the P. indica-mediated growth 
promotion in A. thaliana.  The cyp79B2 cyp79B3 double mutant, which lacks iGLS and 
camalexin, did not show growth promotion to P. indica in short- and long-term experimental 
conditions, whereas growth of the pad3, which does not synthesize camalexin, is not 
promoted by P. indica under long term interaction in soil even though it responded partially 
under short term experimental condition in Petri dishes (Nongbri et al. 2012). Therefore, 
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IAOx-derived compounds are crucial for establishing a beneficial interaction between P. 
indica and A. thaliana during the early and late stages of endosymbiosis.  
The role of aGLS were well established in plant defense against herbivory and 
phytopathogens (Beekwilder et al. 2008; Stotz et al. 2011). Our studies with myb28 myb29, 
which lacks aGLS showed that this double knockout mutant responds to P. indica-mediated 
growth promotion like WT and does not play significant role in the beneficial endosymbiosis 
(Nongbri 2012). However, both myb28 myb29 which does not have aGLS and the cycam 
which does not induce aGLS were hypersusceptible to A. brassicae infection. The induction 
of aliphatic glucosinolates, for example 5MSOP and 7MSOH were significantly high in WT 
compared to cycam. Moreover the mRNA levels of MYB28, MYB29 and BCAT4 (Halkier and 
Gershenzon 2006) which are involved in the aGLS biosynthesis, were also upregulated in WT 
and not in cycam, which reinstates that the induction of aGLS confers resistance to the fungal 
infection and is also regulated by [Ca
2+
]cyt elevation. Therefore, we postulate that aGLS has a 
vital role as a positive modulator of plant defense against A. brassicae infection (Figure 7).   
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6. Summary 
 
The beneficial interaction between the root-colonizing Piriformospora indica and Arabidopsis 
thaliana results in growth promotion, enhanced seed production and increased tolerance to 
biotic and abiotic stress. Perception of beneficial microbes and pathogens, and their associated 
molecular patterns (bMAMP, PAMP) leads to changes in cytosolic calcium concentration 
([Ca
2+
]cyt). The model plant Arabidopsis thaliana, expressing the bioluminescent Ca
2+
 reporter 
apoaequorin in the cytosol, was used to elucidate the role of cytosolic Ca
2+
 signaling in the 
beneficial (A. thaliana-P. indica) and pathogenic (A. thaliana-Alternaria brassicae) 
interactions. 
The biologically active component from the P. indica-cell wall extract (Pi-CWE) which 
induces [Ca
2+
]cyt elevation in roots and stimulates the growth of Arabidopsis and tobacco 
seedlings, was purified as a trisaccharide (C18H32O16) with m/z of 505.1748 (Pi-504).  
Large scale screening of EMS mutagenised aequorin populations resulted in the isolation 
of Pi-CYCAM mutants which do not induce [Ca
2+
]cyt elevation in response to Pi-504. The Pi-
504- and the fungus- induced growth promotion is linked to enhanced nitrogen metabolism 
and phosphate uptake, and increased photosynthetic efficiency. 
Independent screening of EMS mutants with an A. brassicae-cell wall extract (Ab-CWE) 
resulted in the isolation of Ab-CYCAM mutants which do not respond to the Ab-CWE, 
exudate preparations from mycelium (EPM) and germinating spores (EPS). However, 
[Ca
2+
]cyt elevation was observed in response to Ab-toxin preparations. Crossing of pi-cycam 
and ab-cycam showed that the mutations are allelic. Initial mapping experiments have 
demonstrated that the mutated gene (CYCAM) is a recessive qualitative trait and located on 
chromosome 1.  
The CYCAM mutants do not respond to exudate preparations from another endophytic 
beneficial fungus Acremonium alternatum, and pathogenic fungi e.g. Rhizoctonia solani and  
Fusarium solani; and the oomycete Phytophthora parasitica var. nicotianae, but it responded 
normally to a cell wall preparation from Mortierella hyalina (Mh-CWE). The active 
component in Mh-CWE was purified as Mh-222 with m/z of 223.0599. Different beneficial 
and pathogenic signals use the same gene to induce [Ca
2+
]cyt elevation (CYCAM) which is 
very important to initiate early molecular events in beneficial and pathogenic interactions.  
The cycam mutant is highly sensitive to abiotic (salt, water, drought and oxidative stress) 
and biotic (A. brassicae infection) stress. The mutant contains low levels of aliphatic 
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glucosinolates (aGLS) and the bioactive (+)-7-iso-jasmonoyl-1-isoleucine ((+)-7-iso-JA-Ile), 
increased level of abscisic acid (ABA), salicylic acid (SA), jasmonic acid (JA) and reactive 
oxygen species (ROS) upon A. brassicae infection. We propose that cycam is defective in a 
gene that is required for [Ca
2+
]cyt elevation to establish biotic and abiotic stress responses. 
The evolutionarily conserved redox responsive transcription factor1 (RRTF1) controls 
ROS production. A. brassicae infection stimulates RRTF1 and represses ROS scavenging 
genes, while P. indica represses RRTF1 and activates ROS scavenging enzymes. Genetic and 
pharmacological studies show that Pi-504-, Ab-CWE/EPM/EPS- and Ab-toxin-induced 
[Ca
2+
]cyt elevations are upstream of RRTF1.   
Camalexin and indolic glucosinolates (iGLS) are important for the beneficial interaction 
between P. indica and A. thaliana. These compounds restrict root colonization during different 
phases of the interaction. Furthermore, P. indica-derived auxin is not required for the growth 
response in Arabidopsis and Chinese cabbage. While auxin plays only a minor role in the P. 
indica-A. thaliana interaction, P. indica-induced growth promotion in Chinese cabbage is 
strongly dependent on auxin. We could show that the elevated auxin level in P. indica-
colonized Chinese cabbage roots is of plant origin. 
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7. Zusammenfassung 
 
Die vorteilhafte Interaktion zwischen dem Wurzel-kolonisierenden Pilz Piriformospora indica 
und Arabidopsis thaliana bewirkt Wachstumssteigerung, verstärkte Samenproduktion und 
erhöhte Toleranz gegenüber biotischem und abiotischem Stress. Die Perzeption von 
vorteilhaften Mikroben und pathogenen Pilzen und ihren assoziierten molekularen Strukturen 
(bMAMP, PAMP) führt zu Veränderungen in der cytosolischen Kalziumkonzentration, 
([Ca
2+
]cyt). Die Modellpflanze A. thaliana, die den biolumineszenten Ca
2+
-Reporter 
Apoaequorin im Cytosol exprimiert, wurde zur Untersuchung der Rolle von [Ca
2+
]cyt in 
vorteilhaften (A. thaliana-P. indica) und pathogenen (A. thaliana-Alternaria brassicae) 
Interaktionen verwendet. 
Die biologisch aktive Verbindung von P. indica-Zellwandextrakten (Pi-CWE), die eine 
Erhöhung der [Ca
2+
]cyt in Wurzeln induziert und das Wachstum von Arabidopsis- und Tabak-
Keimlingen fördert, wurde als ein Trisaccharid (C18H32O16) mit einem m/z-Verhältnis von 
505.1748 (Pi-504) gereinigt.  
Durchsuchungen von EMS-mutagenisierten Aequorin-Populationen in großem Maßstab 
führten zur Isolierung von Pi-CYCAM-Mutanten (cytosolic calcium mutants), die auf 
Applikation von Pi-504 nicht mit einer Erhöhung von  [Ca
2+
]cyt  reagieren. Sowohl die von Pi-
504 als auch die durch den Pilz induzierte Wachstumssteigerung ist verknüpft mit einem 
erhöhten Stickstoffmetabolismus, erhöhter Phosphataufnahme und gesteigerter 
photosynthetischer Effizienz.  
Unabhängiges Durchsuchen von EMS-Mutantenpopulationen mit dem Zellwandextrakt 
des pathogenen Pilzes A. brassicae führte zur Isolation von Ab-CYCAM-Mutanten, die nicht 
auf Ab-CWE reagieren. Ausserdem gibt es keine Erhöhung des [Ca
2+
]cyt bei 
Exsudatpräparationen von Myzel (EPM) und von keimenden Sporen (EPS), aber auf das Ab-
Toxin. Die Kreuzung von pi-cycam und ab-cycam zeigte, dass es sich um Allele handelt. Das 
mutierte Gen CYCAM ist ein rezessives, qualitatives Erbmerkmal und wurde auf 
Chromosom 1 lokalisiert.  
CYCAM-Mutanten reagieren nicht auf das Exsudat anderen endophytischen Pilzes mit 
vorteilhafter Interaktion, Acremonium alternatum, und anderer pathogener Pilze wie z. B. 
Rhizoctonia solani und Fusarium solani; und dem Oomyzeten Phytophthora parasitica var. 
nicotianae. Sie reagieren jedoch auf Zellwandextrakte von Mortierella hyalina (Mh-CWE). 
Die aktive Komponente in Mh-CWE wurde als Mh-222 mit einem m/z-Verhältnis von 
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223.0599 aufgereinigt. Verschiedene vorteilhafte und pathogene Signale nutzen zur Erhöhung 
von [Ca
2+
]cyt das gleiche Gen (CYCAM), welches frühe molekulare Vorgänge in vorteilhaften 
und pathogenen Interaktionen initiiert.  
Die CYCAM-Mutante ist hoch sensitiv gegenüber abiotischen (Salz, Wasser, Trockenheit, 
oxidativer Stress) und biotischen (A. brassicae-Infektion und A. brassicae-Toxin) 
Stressfaktoren. Die Hypersuszeptibilität der CYCAM-Mutante gegenüber einer Infektion mit 
A. brassicae ist mit einem niedrigen Niveau von aliphatischen  Glucosinolaten (aGLS) und 
bioaktivem (+)-7-iso-Jasmonoyl-1-Isoleucin ((+)-7-iso-JA-Ile) und einem höheren Niveau 
von Abscisinsäure (ABA), Salicylsäure (SA), Jasmonsäure (JA) und reaktiven 
Sauerstoffspezies (ROS) korreliert. Wir denken, dass cycam in einem Gen defekt ist, das für 
die Erhöhung der [Ca
2+
]cyt notwendig ist, um auf biotischen und abiotischen Stress zu 
reagieren. 
Der evolutionär konservierte Redox-responsive Transkriptionsfactor1 (RRTF1) reguliert 
die ROS Produktion. Infektion durch A. brassicae stimuliert RRTF1 und reprimiert ROS-
abbauende Genprodukte, während P. indica die RRTF1 Expression reprimiert und ROS-
abbauende Enzyme stimuliert. Genetische und pharmakologische Untersuchungen zeigen, 
dass durch Pi-504, Ab-CWE/EPM/EPS und Ab-Toxin induzierte [Ca
2+
]cyt-Erhöhungen vor der  
ROS-Verstärkung in A. thaliana stattfinden.   
Camalexin sowie Indolglucosinolate (iGLS) sind sehr bedeutsam für die Etablierung  der 
endosymbiotischen, vorteilhaften Interaktion von P. indica mit A. thaliana. Diese 
Komponenten kontrollieren die Wurzelkolonisierung während verschiedener Phasen der 
Interaktion. Auxin spielt nur eine untergeordnete Rolle bei der Wachstumsstimulierung in 
Arabidopsis, wohingegen die durch P. indica induzierte Wachstumsstimulierung in Chinakohl 
stark von Auxin abhängig. Wir konnten zeigen, dass das Auxin in P. indica kolonisiertem 
Chinakohlwurzeln pflanzlichen Ursprungs ist. 
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